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1. INTRODUCTION 

Eine Unteisuchung des Stoffwechscls der heterotrophen Purpurbakterien 
erschien nioht nur deshalb, weil nahere Kenntnisse fehlten, als dankbare Aufgabe, 
sondern weil zu ern’arten war , dass im Falle einer Kohlensaurereduktion durch diese 
Bakterien die Reaktion ganz andera verlaufen musste als bei den griSnen Pflanzen 
und den Thiorhodaceen. Und je mehr Varianten des Assimilations-vorganges wir 
kennen, um so eher konnen wir hoffen, Aufklarung uber seinen Mechanismus zu 
erhalten.” 

H. Gaffron, (1), p. 2. 


The studies on the green and purple sulfur bacteria have led to the demonstration that 
the normal metabolism of these organisms represents a truly photosynthetic process which 
differs in two major respects from that of the green plants. Their biochemical activities 
have been interpreted as a photochemical carbon dioxide reduction with hydrogen which 
is ultimately derived, not from water as in green plants, but from hydrogen sulfide (2, 3). 

In the first publication on this subject (2) I intimated that the sulfur-free purple bacteria, 
or Athiorkodaccae in the nomenclature of Molisch (4), which require organic substances for 
growth, might constitute a group of organisms in which the function of hydrogen sulfide 
as ultimate hydrogen donor for the photochemical carbon dioxide reduction might be here 
fulfilled by organic compounds 

The tentative statement made in 1929 (2, p 168) " . it is probable that the continued 

study of the metabolism of this group will gix'e additional information with regard to the 
further possibilities of photosynthesis” was strongly supported by the experiments of 
H. Gaffron, published in 1933 and 1935 (1 , 5) In these it was shown beyond a doubt that a 
carbon dioxide reduction is actually accomplished by representatives of the Athorhodaceae, 
and that this is fully dependent upon both illumination and the presence of organic sub- 


strates or molecular hydrogen 

With the unambiguous demonstration by Foster (6) that the function of the organic sub- 
strate is indeed that of hydrogen donor for photosynthesis, the main outlines of the bio- 
chemical characteristics of this group W'ere placed on a firm foundation. Meanwhile 
Muller, in 1933, had showm (7) that Thtorhodaccae, too, can utilize simple organic com- 
pounds instead of hydrogen sulfide for photosynthesis. Herewith the fundoraent.aI similar- 
ity in the metabolism of Thio- .and Alhwrhodaceae was established. 

The xmrious aspects of the problem of photosjmthesis by bacteria have recently een 
reviewed in some detail (8) It is, therefore, superfluous to deal here with this phase 
However, for studies on bacterial photosyntheses the use of representatives of f e non- 
sulfur purple bacteria is, m many cases, preferable to that of Thtorhodaccae. This is par j 
due to the fact that many of the former are far less sensitive to such 
tlip nresence of small amounts of oxygen, and hence are more easily hand e . . 
strains of bacteria belonging to this group have exhibited a in 

variety of substances than have those sulfur purple bacteria which have b®®" ^ m 

this respect But different cultures of AtAiorftodaceae display quite consider 

Sir biochemical potentialities Although this has occasionally been recognized, a 

''r'-srSScSrzSn'" >" 
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A more detailed investigation of the general morphology and physiologj' of this group has, 
therefore, been undertaken. It has led to the recognition of definite types which can be 
distinguished by both morphological and phj'siological criteria. As a consequence it 
has also become possible to attempt a more up-to-date sj’stem of classification of these 
organisms. 

It is hoped that the publication of the results may make these bacteria more generall 3 ' 
known to microbiologists, and thus lead to more intensive studies of the manj' fascinating 
problems which thej' still present. 

2 . DELIJUTATIOX OF THE GROUP OF XOX-SULFUR PURPLE BACTERLA 

“Vergleicht man INIolischs Ergebnisse mit denen der ubrigen Beobachter, nament- 
lich Winogradskj's, so kommt man bei vorurteilsloser Wiirdingung aller Umstande 
zu dem Schlusse, dass sich eine Scharfe Trennung zwischen schwefelhaltigen und 
schwefelfreien Purpurbakterien empfiehlt. Die tj’pischen Vertreter beider Grup- 
pen gehoren offenbar ganz verschiedenen okologischen Kategorien an und weichen 
in wesentlichen Punkten ihres normalen Stoffwechsels weit voneinander ab. . . . 

Die hier betonte scharfe Gegenubcrstellung kommt in MoHschs Schrift nicht iiber- 
all klar zum Ausdruck.” 

Joh. Buder (9), p. 531. 

It is adipfisable to outline what, in this treatise, will be understood bj' non-sulfur purple 
bacteria. In the past much confusion has resulted from the use of ambiguous names and 
inadequate definitions. This was largelj' the result of an incomplete understanding of the 
phj’siological acti\’ities of the various purple bacteria, and it should now be possible to 
avoid such difficulties bj* a careful appraisal of present-daj’ information. 

In 1907 Molisch (4) created the order Rhodobacteria for those organisms which he con- 
sidered “purple bacteria.” Thej’ were characterized as bacteria containing a comple.v pig- 
ment sj’stem, made up of a green pigment, “bacteriochlorin,” and one or more red pigments, 
‘bacteriopurpurin.” The order was subdmded into two families, the Thiorhodaceae and 
Athiorhodaceac. Diagnosticallj’, these were distinguished bj' the occurrence of sulfur drop- 
lets in the cells of organisms belonging to the former familj', whereas representatives of the 
latter alwaj’s appear without suKur droplets inside the cells. 

Buder, in the report of his extensive studies on the purple bacteria (9), was the first to 
ca 1 special attention to the fact that these two groups of purple bacteria are primarilj' 
^ fundamental difference in their metabolism. According to his I’iews 
le itorhodaceae would represent organisms with an autotrophic, the Alhiorhodaceae such 
■ait 1 an heterotrophic mode of life; the former oxidizing hj'drogen sulfide, the latter organic 
su stances. This idea has been amply confirmed bj’ the later investigations. 

s ould here be observed that the sulfur purple bacteria — as IVinogradskj’ (10, 11) had 
^ ^ — contain sulfur globules onlj' when growing in media containing 

fiirt f ' storage product during periods when thej’ are exposed to a sul- 

e ree environnient. Since, then, the morphological characterization is not alwaj’s 
? subject as it is to emdronmental influences, it would seem better to use the 

m rinsic phj siologj' as a basis for differentiation rather than its transitorj' morphological 
expression. On the other hand, it is well to remember that in nature one rarelj'everencoun- 
rs tjpical Thiorhodaceae except under conditions where sulfide is present, so that sulfur- 
Sroup maj' be considered as artifacts of the laboratorj'. 

1 ■ ^^st consideration would appear to make the morphological and phj'sio- 

pea c aracterizations equivalent for practical purposes, another obsen'ation clearlj 
.xors uder s approach. There have, namelj", been found in nature small, rod-shaped 
purple bacteria which are phj-siologically speaking true Thiorhodaceae because they are 
capable of development in strictly mineral media with sulfide (3) . Yet these organisms do 
criteria set up by Alolisch for this famiJv because, even n-ith an abundant 
ude supply, they never store sulfur droplets in their cells. The intermediate o.xidation 
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they should properly be crouoed with thp Thinrh ^ ® ^ ® physiological differentiation 

that tliis con ideration L arearlicToJbtaH^n ^ ^ ^ 

the part of Pringsbeiin 02) \ 1,^ “ "•^understanding on 
the purple bacteriaTn o Sf„ f ^ " subdii-ision of 

A more serious point is raised by the existence of types which appear to be intermediate 
failert” f ‘a physiological groups in the purple bacteria. Though Buder (9) 

1 ^ experimental evidence in favor of such a concept, first introduced by Kadson 
(13), he fdt compelled to consider it as a theoretical possibility, and states; “Sollten aber 
kiinftige Ergebnisse jene Angaben beslatigen, so wurden derartige Formen eiiien tlber- 
gang zwschen den beiden Extremen bilden. Wir batten es dann mit mixotrophen oder 
fakultativ autotrophen Formen zu tun. So etwas ware jedenfalls denkbar and hattc auch 
schon Analoga unter den Schizomycefen" (p. 636). 

Kow, as mentioned in the Introduction, it has been conclusively demonstrated that all 
the representatives of the typical Thiorhodaccae so far inx'estigated in this respect are, in 
pure culture, not dependent upon the presence of sulfide, but can utilize organic substrates 
instead (7; see also 14, 15, 16). At first sight this might seem to erase the clear-cut physio- 
logical differentiation which Buder stressed. But it must be remembered that in natural 
environments the true sulfur purple bacteria do not come to the fore unless the medium 
contains sulfide, as has been clearly brought out by Winogradsky, who winds up his review 
witli the claim; “H n'y aurait, en consdquence, encore aucunc raison valable de nier la 
nature essenticllcment autotrophe des Thiorhodaceae" (17, p. 974). 

Consequently it appears that a rigorous separation of the purple bacteria in Molisch’s 
two groups of Thio- and Athiorhodaceae would be feasible provided: a. it is based upon 
plij'siological rather than morphological criteria, and 6. due allowance is made for potential- 
ities residing in the representatives of the first-mentioned group, but demonstrable only 
with pure cultures. 

It is in this sense that the non-suifur purple bacteria will here be treated. Even so, as 
will become apparent later, there exist cases in which it is rather difficult to assign to the 
organism in question a definitive position. 

Whereas many bacteria of this group appear in cultures as a pink, violet, to deep-red 
growth there also occur types which, though e.vhibiting essentially the same physiological 
characters, produce yellowish to dark-brown masses of organisms. It is probable that it 
is these bacteria which Utermohl (18) has noted during his plankton investigations, and to 
which bo rotors as “ . . . . cine neue, den Purpur- und Chlorobakterien ^erg e.chbam Re.he 

farbstofffuhreiiderBakterien . . . ■ • i^rer braunen Farbung wegen woU a^ 

tcrien bezeichnet werden konnen.” ButlftermoU was not the first to 

term ” Ewart as early as 1897 (19), described such an organism under the name blrepto 

ist mir nicht bekannt” (P^07).^^ 

Organisms of this type are quite comm r)„vine the nast fifteen years, numerous 

as observed also by Czurda and Mnreseh f 20 >- the PaJ^ m J. 

strains have been isolated and studied, morp ^ svstom consisting of a functional 
view of the fact that these bacteria a p gment sjstcm^cons.sU^ 

SLttot” » Ju'dLTin. '»» >'■' ™ 
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though the cultures present colors which can certainly not be called “purple.” Thej' will, 
therefore, be included in the present treatise. 

A discussion of the taxonomy and nomenclature of the group will be postponed till 
morphological and physiological characteristics of the several representatives have been 
described. Meanwhile, the organisms will be variouslj' designated as “non-sulfur purple 
bacteria,” “brown bacteria,” or “Athiorhodaceae.” Too much significance should not be 
attached to these names, however. They will merely sers'e to characterize the group of 
bacteria which forms the subject of this study. 

3. THE CULTURE OF THE XOX-SULFUR PURPLE AXD BROtVX B.A.CTERIA 

“Es war klar, dass trotzdem noch nicht alle Schwierigkeiten der Kulturmethodik 
beseitigt sein mussten. Ein Hinblick auf die Grunalgen genugt, um zu zeigen, wie 
trotz der gleichbleibenden Art und Weise des Kohlenstoffgewinnes doch noch eine 
so grosse iMannigfaltigkeit der okologischen Anspruche der Einzelformen vorkom- 
men kann, dass nur ein Teil von ihnen heute einer sicheren Kultur zuganglich ist.” 

Czurda and Maresch, (20), p. 99. 

I. Crude and enrichment cultures 

a. Early methods; complex media. In the publications of ^lolisch (4), Buder 
(9), Ljubimenko (21), Schneider (22), Czurda and IMaresch (20), etc., a number 
of general methods has been described for obtaining crude cultures of purple 
bacteria. The principle of all these methods is the exposure of a mixture of 
mud, surface water, and such ill-defined substrates as hard-boiled eggs, bones, 
preferablj’’ ■with meat, dead animals, such as worms, mussels, and other inverte- 
brates, packets of leaves, etc., in a tall glass C}'linder to light. After some time, 
usually of the order of magnitude of 1 to 2 weeks, purple bacteria begin to develop 
in such containers, and the cmde cultures thus obtained are used for subsequent 
experiments. 

An important improvement in methodology'’ was introduced by Sehber in 
1928 (23) and consists of a continuous illumination ■v\’ith artificial light. The 
time involved in getting the purple bacteria to develop until they form -^-isible 
accumulations is thereby cut down to 3 or 4 days. In nearly aU subsequent 

stu es (2. o, 5, 6, /, 20) the continuous illumination procedure has been used to 
great advantage. 

As a nile, the results obtainable vith these methods are entirely satisfactory 
if one aims at securing crude cultures of any representative or mixture of repre- 
sentatives of tliis group of bacteria. It will, however, be ob^dous that the most 
^ l^ erti ed pi ocesses of microbial decomposition take place in such containers, 
m an utterly uncontrollable manner, and give rise to a more or less large 
variety of metabolic products. And these, in turn, may influence the types 
and numbers of purple bacteria which gradually make their appearance. By 
using these methods, it is thus left entirely to chance which species or combina- 
tion of species will become sufficiently predominant so that their isolation can 
ordinary means of cultures on or in solid media. 

1 fie investigations of Alolisch have made it abundantly clear that the group 
ot Atlnorhodaccac comprises a number of rather different types, including more 
or less spherical, rod-shaped, curved, and spirally-wound organisms, and Alolisch 
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was the first to attempt a more detailed classification by creating a number of 
and species for the organisms studied by him (4). Since that ti; 


stupes on the non-sulfur purple baeteria"ha^; b;enTarried o^^ntrip:: 

Tb acquired incidentally 

ihe latter have been more or less adequately described and identified vith one 

or another of Moloch’s species. Only very recently has an attempt been made 
by Czurda and Marescli (20), to isolate various representatives of this group 
mth a \new to studjnng their morphological and physiological characteristics, 
and thus to supplement the old descriptions and sj'stem of classification. But 
changes in the methods for obtaining crude cultures of Athiorhodaceae were not 
introduced. 

h. Improved methods: theoretical considerations. During the past several j'eats 
much information has been collected concerning the fundamental metabolic 
actirdties of the non-sulfur purple bacteria. This made it seem likely that 
methods could be worked out which would make it possible to secure cultures of 
different representatives at will. Once it is reafized that these organisms are 
capable of photos 3 Tithetic actinty in the fight, and in the absence of oxygen, 
when provided with simple organic compounds, it also seems logical to e.xpect 
that different organic substances will form the substrate “par excellence’’ for 
different tj’pes of Athiorhodaceae. With a more exact knowledge of their nutrient 
requirements it would become feasible to derdse enrichment media for obtaining 
cultures of the desired t3q5e or group. Such methods would also tend to eliminate 
from the crude cultures many of the organisms which, in the complex and unde- 
fined media mentioned above, often comprise a large proportion of the microhial 
population, but which do not belong to the purple bacteria. The presence of 
such contaminants frequently makes it very difficult to proceed satisfactorily 
ndth the isolation of pure cultures of Athiorhodaceae. 

Consequently several attempts have been made to apply these theoretical 
deductions to the development of more satisfactor 3 ' and specific enrichment cul- 
ture methods for the non-sulfur purple bacteria. Considering the photosrmthetic 
acthdty as the outstanding plQ-sioIogical characteristic of ail the purple bacteria, 
and the successful accomplishment of photos 3 -nthesis in the presence of a simple 
organic substance as the specific feature of the Athiorhodaceae, it was believed 
that a strictl 3 ’ mineral medium nith an adequate supply of carbon dioxide, to 
which a single organic compound had been added, should suffice to ensure the 
development of the latter group of organisms from an appropriate inoculum, 
when exposed under anaerobic conditions to light. The results of th^e experi- 
ments although not entirely satisfactory from the point of %iew of ii^ediate 
success in the desired respect, are sufficiently instructive to justif}' a bnef dis- 
cussion. This is the more true because, particularly in the light of our present 
knowledge of the nutrient requirements of the Athiorhodaceae, they may vel 
lead to the rapid development of more adequate methods. -p 

c. Experimental results with different pure organic substances. For these 
experiments a standard mineral medium was used consisbng of (^tilled or ^ 
w2er with 1 g (NHd=S 04 , 0.5 g K.HPO,, 0.2 g iIgSOi, 2 g ^aCi and o g \allCOs 
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per liter. This basal medium was then supplemented by the addition of a single 
organic substance in a final concentration of 0.15-0.2%, after which the reaction 
was adjusted to pH 7.0 ■v\'ith H3PO4. The organic compoimds used were a num- 
ber of indi^^dual members of the groups of simple alcohols, polj'alcohols, fattj* 
acids, hydroxy acids, dibasic acids, amines, and amino acids. A few cultures 
■with complex nutrients, peptone and 3 ’east extract, were alwaj-s included. The 
various media were dispensed into glass stoppered bottles, inoculated with a 
small amount of surface water or mud-suspension, and the completelj^ filled and 
stoppered bottles then incubated in a light cabinet (cf. (3)) at a temperature of 
25° to 30°C under continuous illumination ■uith a series of 25-40 watt electric 
bulbs. 

Cultures of photosjmthetic, red and brown colored bacteria develop fastest 
in the media ■v\Tth peptone and j-east extract. In 2 to 3 daj^s one ma}’- usualh’’ 
count on an abundant gro^dh of purple bacteria in the bottles. Next, the red 
organisms appear in media with ethanol, glj^cerol, mannitol, formate, acetate, 
succinate, malate, alanine, and asparagine; good cultures are regularlj^ obtained 
in 4 to 5 daj's. The development of purple bacteria in media "with higher fatty 
acids and other hj^droxj’- acids is considerabl}’- slower; such compormds as iso- 
caproic and hept 3 'Iic acids often do not 3 deld satisfactory- cultures at aU. Sub- 
sequent experiments have shown that this is due to too high an initial concen- 
tration of the fatt 3 ’- acids; the use of these substrates in concentratioirs of 0.05% 
or less 3 -ields excellent cultures in less than a week. 

hlicroscopic examiaation of the various enrichment cultures revealed the 
presence of large numbers of easil 3 ’' distinguishable TMorhodaceae. Thiocystis 
and Chroimiium species occurred regularl 3 -, Thiosarcina not infrequentl 3 \ In 
not too old cultm-es these bacteria present themselves stuffed rvith sulfur globules; 
a defirrite indication of the presence, and hence of the formation, of h 3 -drogen 
sulfide in the media. The explanation of this fact is obA-ious; the enrichment 
media used allow of the development of sulfate-reducing bacteria {Vibrio desiil- 
fitricans and related species, cf. Baars (25)) which, b 3 '' the deh 3 -drogenation of the 
organic substrates -with sulfate as the irltimate h 3 'drogen acceptor, produce the 
sulfide. Transfers of such cultures to the same media under anaerobic condi- 
tiorrs, brrt incubated in the dark, where the development of the purple bacteria 
is completeh" suppressed, have served to verif 3 - this statement; in all cases 
flourishing cultures of sirlfate-reducing bacteria were obtained. 

Thus it appeared that the enrichment cultures contained sulfate-reducing 
bacteria and, as a corrsequence of their development, TMorhodaceae, in addition 
to one or more t 3 'pes of non-sirlfur ptrrple and brown bacteria. That members 
of the last-mentioned group were present was demonstrated b 3 - making use of 
their strongh* phototactic beha\ior (4, 9, 24), a propert 3 - not exhibited b 3 ' the 
sulfate-reducing bacteria. Although, as all prmious investigators have noticed, 
the small indi^idual cells of Athiorhodaccac do not appear colored when examined 
vith the microscope, the pigmentation is rrrmristalcable in aggregations. It 
ma 3 - at first seem arbitrary to conclude that such colored accumulatiorrs are 
composed of non-sulfur purple bacteria, based as it is on the observation of red 
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OT broTO clumps of organisms exhibiting phototaxLs and not containing sulfur 
droplets. A confusion mth certain members of the red sulfur bacteri? would 
e quite possible since the small Thiorhodaceae, described in 1931 as the “nseudo 
m„nas.t„e" (3), TOuld behave in the sa„e maafer. HoITLTm 
isolation ot tj-pical non-sulta purple bacteria from all such cultorls, and ot a 
Size and shape wkch agi-ees remarkably well with that of the ceUs in the photo- 
tacticaily induced aggregates, tends to justify the above conclusion. 

d. Evaltiaiion and applications. These results paved the way for a more 
appropriate method of enriching Athiorhodaceae, in which the simultaneous 
development of sulfate-reducing organisms and, in consequence, of sulfur purple 
bacteria could be eliminated. Since the grondh of Vibrio desulfuricans and its 
relatives depends upon the presence of sulfate, the substitution of NH4CI and 
foi the sulfates in the standard mineral medium served the purposej sul- 
fate reduction did not proceed in such media, and Thiorhodaceae did not appear. 
It must be remembered that the media prepared with this modified mineral 
solution are essentially sulfur-free; and it soon appeared that the Athiorhodaceae 
develop only scantily upon repeated transfers. But if, after two or three sub- 
cultures, transfers are made into sulfate-containing solutions, the new cultures 
generally fail to show development of sulfate reduemg bacteria and of purple 
sulfur bacteria. The first few subcultures have thus served the purpose of so 
modifjdng the initial ratio of Athiorhodaceae to sulfate reducers and sulfur purple 
bacteria that only the first group of microorganisms comes to a full development. 

Inspection of such enrichment cultures containing different organic sub- 
stances clearly indicated the fundamental correctness of the premises which had 
led to their use. The macroscopical appearance often revealed charactenstfc 
differences of color and mode of development; and this was fully supported by 
careful microscopical examination. Media with fumarate, malate, citrate, and 
ethanol invariably contained an abimdance of red-colored Spirilhm species; 
the more complex media with peptone and yeast extract usually showed the 
largest variety of types, vith a preponderance of brown representatives of the 
Athiorhodaceae. The rod-shaped organisms, reminiscent of IMolisch’s genera 
Rhodohacillus and Rhodovibrio were encountered in the cultures with ethanol and 
vdth the higher fatty acids. It thus became erident that more or less specific 
em-ichment cultures” for different types of the non-sulfur purple and brown 
bacteria would be practicable. The systematic investigation of the physiological 
characteristics of the large number of pure cultures of this group, to be discussed 
later has supported the eridence here obtained, and has furnished additional 
infoimation with the aid of which it has now become possible to develop strik- 
inglv specific culture media for the enrichment of its various members. 

A neculiar beharior of the enrichment cultures discussed above should be 
noted at this place. Successive transfers of such cultures with a single organic 
compound to homologous media often showed a progressively poorer ce- 
ment of Athiorhodaceae, both in the total number of orgam.sms and of t^r^^ 

B seemed that in successive transfer the growth of these organ^ms came 0 
depend more and more on the simultaneous propagation of non-photo,j-nthe 
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bacteria. Also, the differences in flora between the cultures in various media, 
originally so pronoimced, graduaUj’’ tended to disappear. Onl}' in the media 
with peptone and 3 ^east extract did the Athiorhodaceae continue to flourish 
without diminution in nmnbers or tjTJes, and from such cultiHes the}^ could be 
isolated without difficult}'. 

The reason for tlois strange behamor has become understandable as a result 
of the later studies with pure cultures. Suffice it to sa}’" here that aU the repre- 
sentatives of the photos 3 'nthetic non-sulfur bacteria appear to require, in addi- 
tion to an organic h 3 ’-drogen donor, one or more accessor}’- gi'o-wth factors. Thus, 
the simple mineral media -vrith a single organic substance are inadequate for the 
development of Athiorhodaceae. It is probable that the necessar}’- growth 
factors are furnished in the crude cultures b}’ the simultaneous gro-wth of other 
t 3 q)es of bacteria, including the Thiorhodaccac. jNI}^ o-ma experiments have 
pro\'ided adequate experimental support for this contention. And the curious 
observations of Czurda and Maresch (20) on the influence of colonies of Chro- 
mxitium or ThiocysLis species on the development of neighboring cells of Athiorho- 
daceae can be most satisfactoril}' accounted for on this basis. Also, it is weU to 
bear in mind that several of the media used b}' no means exclude the simultan- 
eous growth of non-photos 3 'nthetic organisms rmder anaerobic conditions. The 
existing information on the fermentation of pol 3 ’-alcohols, such as gl 3 Derol and 
mannitol, of lactate, fumarate, malate, citrate, etc., b}’ various obligatory and 
facultative anaerobes (see, for example, 26, 27, 28, 29) makes this obmous. 
In addition, it is now common knowledge that microoorganisms, capable of 
developing in a medium devoid of the t3’pical growth factors, do S3"nthesize these 
substances themselves, and often in amounts far in excess of then* own “needs.” 

With this in mind it is a simple matter to prevent the regression in rdgor of 
the enrichment cultures for the non-sulfur purple bacteria. All that is necessary 
is the addition to the simple cultm-e solutions of small amoimts of material rich 
in growth factors. Yeast extract has proved to be entirel}' satisf actor}'; hquid 
autolysate, prepared according to Orla-Jensen (30), is used in amounts of 1 to 
5 ml per hter of medium, while 0.1 g of dehydrated yeast extract usually suffices. 
Such enriched media have }-ielded dependable and reproducible results. 

e. Elimination of green algae. Occasionally the fiist inoculum contains large 
numbers of green flagellates, such as Euglena and Chlamydomonas species, which 
may cause difficulties in obtaining good cultures of the pm-ple bacteria. This 
is particularly the case if, due to the composition of the medium, the develop- 
ment of the latter is slow; it has often been obsen'ed -n-ith media in which tartrate 
and malonate constitute the sole organic compounds. Due to the rapid produc- 
tion of oxygen by the gi-een forms the conditions in such cultures soon cease to 
be anaerobic, and in consequence a varied flora of more or less common aerobic, 
non-phot os}'nthetic bacteria makes its appearance. Transfers at different 
stages of the development of such cultures fail to eliminate the flagellates. This 
can, however, be readily acliieved by making use of the elegant method, first 
employed by Gaffron (5) for the same purpose, of using short infra-red illumina- 
tion (SOO-1000 mp) as a source of radiant energy. Since Engelmann’s original 
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observations (31) it has become firmly established that the purple bacteria in 
contrast to the green plants, are capable of utilizing infra-red radiation for photo- 
s:^theas. (e.g., French (32, 33)). But in most cases the use of special light 
mters in order to prevent the growth of algae is superfluous because the purple 
bactena develop so rapidly that they soon overgrow the green organisms. In 
one or two transfers, particularly if made from young cultures, the algae will in 
general have been diluted out. 

/. Effect of pH. Apart from using different organic substrates for the enrich- 
ment of various representatives of the Aihiorhodaceae, experiments have also 
been conducted in which the same solution, but adjusted to different pH values, 
w’as employed. Such cultures with an acetate medium at pH 5.6, 6.2, 6.6, 7.2, 
/.4, 7.7, 8.0, and 8.6 have not onlj’’ jdelded a variety of pure cultures of non- 
sulfur purple bacteria, but also shown that differences in the reaction of the 
medium certainly affect various representatives of this group in different waju 
An initial pH below^ 6, together with an acetate concentration of 0.2%, is not 
conducive to the growth of an 3 ’^ one 15 ^) 6 , nor is a pH much above 8. But in an 


TABLE 1 


Growth of Rhodospirilhnn rubrum and of a brown member of the Aihiorhodaceae in media 
containing 0,2% Na-acetale, S days after inoculation 


OSGASlSil 

5.1 ; 

■ 

6.6 

6.S 

7.0 

1.6 

B. rubrum 

3* 

6 

4 

3 

2 

1 

Brown bacterium 

0 

1 

1 

2 

5 

2 


* The numbers indicate relative densities of organisms. 


acetate medium, originall}^ at pH 6.2, spirilla become abundant in a few days, 
while at pH 7 and higher brown bacteria tend to be the more numerous. Tfe is 
quite in line with the outcome of experiments with pure cultures of a strain of 
Rhodospirillum rubrum and of a “broivn bacterium” in acetate media at different 
initial pH, as shown in Table 1. However, the reaction of a medium in which 
Aihiorhodaceae develop does not, as a rule, remain constant. And since the use 
of different substrates proxides a more com-enient as well as a more certain way 
for obtaining enrichment cultures of various tjpes, extensix'e further e^en- 
ments on the effect of pH on the microflora of enrichment cultures have not 

been carried out. _ , , 

g. Enrichmmi culiures with pasleurized inocula. Dming the 0 

work on enrichment cultures, obsenutions were occasionally made w^cn sug-^ 
gested the presence of sporeforming bacteria in the media. Several 
from such media have been made after subjecting the original culture 
isation for 5 to 10 minutes at 60° to 80°C. In none of the transfers did purple 

bacteria exmr dex'elop. , 

Also inoculations of those sterile media which had proved to be amon„ 














THE NON’-StrLFCTE PTIRPHE AjST) BROWN BACTERIA 


11 


most satisfactorj^ for the enrichment of purple bacteria with pasteurized samples 
of mud and surface water have invariablj'' failed to jdeld photosjmthetic bacteria. 
The same experience has been reported to the writer bj* Dr. J. W. Foster (unpub- 
lished). The e^ddence to date therefore indicates that thermoresistant stages 
(endospores) are not produced by anj* of the organisms of this group. 

h. Distribution; inocula. The pre^dous pages have shown the simplest and, 
in man}*^ respects, most satisfactorj’- approach to the methods for securing crude 
cultures of Athiorhodaceae. In a later section it will be pointed out how this 
method can be used to obtain strains of a definite species. Here, however, some 
remarks are in order concerning the best material to use for inoculation of the 
enrichment culture media, in connection vdth the distribution of the organis m s 
in nature. 

All investigators who, starting vdth Alolisch (4), have attempted to grow 
crude cultures of non-sulfiu purple bacteria in the laboratory’', have remarked on 
the wide-spread occurrence of the organisms. But contrary to the oft-reported 
mass occurrence of the Thiorhodaceae (see, e.g., 34, 35), the Athiorhodaceae have 
not been encountered in macroscopically \dsible aggregations in nature. Buder 
(9) obseiv'es in this respect: 

“So leicht nun die Anzucht und Kultur von Athiorhodaceen ist und so verbreitete Burger 
sie nach Molischs und eigenen Erfahrungen in unseren Gewassem sind, so ist mir dock weder 
aus der Literatur noch aus eigener Anschauung ein ahnlich auffallendes Vorkommen in der 
freien Natur bekannt geworden wie bei den roten Schwefelbakterien. Immer waren es 
Aufgusse und ahnliche Herrichtungen, in denen ihre Entwicklung eine solche tlppigkeit 
erreichte, dass sie sicb schon dem blossen Auge durcb ihre Farbe verrieten” (p. 535-536). 

This passage holds equally good today. The red bacteria, so often occurring 
in large numbers in brines and salterns, or on salted fish or hides, have occasion- 
ally been considered as pruple bacteria. But they^ are non-photosymthetic, and 
do not contain the ty'pical pigment system of the Thio- and Athiorhodaceae. 
They cannot, therefore, be regarded as purple bacteria. 

Nevertheless, it is difficult to collect samples of mud or surface water in which, 
by^ proper enrichment methods, one cannot demonstrate the presence of the 
brown or red non-sulfur purple bacteria. They often occur in considerable num- 
bers, as shown by inoculating adequate media ^vith progressive dilutions of the 
material. It may^ well be that they often accompany the Thiorhodaceae in their 
natural habitat, except in sulfur springs, in such numbers that they might be 
macroscopically ^'isible. But the large, sulfur-containing bacteria are so much 
more conspicuous upon microscopic investigation; they are obser\'ably' colored 
even as single indi'viduals, and can thus so readily^ be made responsible for the 
coloration of the sample, that it appears superfluous to search it for other, small 
pigmented forms wliich can betray their colored nature only when ■^dewed in 
masses. 

The materials which seem to harbor the richest flora of Athiorhodaceae are, 
generally speaking, muds in which considerable microbial decomposition is going 
on, or the overlaying water. I have only on rare occasions obtained successful 
cultures from sand and soil samples; apparently' the natural em-ironment of the 
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T' so>’s actuaUy may 

contam large enough numbers to yield positive results by using Ito 5 g quanti- 
ties as inoculim, it seems to me highly doubtful that a variety of the n®-su}fur 
£iSd\£rf procurable from stagnant ponds vill ever be 

Bmce much of the present work is concerned vith the group of Alhtorhodamc 
as a whok, it has been my purpose to acquire a varied collection of strains and 
types. ^ ith the aid of different media and inocula the collection thus built up 
comprises well over 150 strains, and the study of their characteristics seems to 
justif the conclusion that among them most, if not all, of the preidouslj' described 
representatives are found. The use of appropriate enrichment methods has 
made it possible to isolate practically all the different types from a single source, 
but various strains have been obtained from widely divergent inocula. It is, 
of course, quite likely that new tjqies mil be found in the future, perhaps from 
unusual environments, or by the application of different methods, and it is hoped 
that the general approach here presented may prove of assistance in further 
studies. 


II. Pure culkires 

T\Tien satisfactory enrichment cultures are available it is a relatively simple 
matter to proceed to the isolation of pure cultures. This might be surmised 
from the fact that Esmarch, as early as 1887 (36), succeeded in isolating the first 
representative of the group in pure culture by routine bacteriological methods. 
Also Molisch’s account (4) of the manner in winch he achieved pure cultures of 
Aihiorhodaceac leaves one with the impression that the difficulties involved are 
not excessive. 


The most important aspect is the harmful effect of oxygen on many of the purple bacteria, 
stressed by Molisoh in the following passage: “Die meisten Purpurbaklericn mchsen nichi 
in ausgegossenen Flatten, weil der leicht zugangliche Sa-uerstoji ihre Entwicklung hemmt 
Oder ganz verhinderi, ferner ist ihr Waehstum gewohnlich relativ sehr langsam, weshalb die 
Kolonien in deutlicher Form erst naeh langerer Zeit erscheinen, und ausserdem tritt bei 
manchen, namentlich wenn sie noch relativ viel Sauerstoff empfangen, die rote Farbe erst 
spater auf.” (4, p. 11). 


Since the enrichment cultures as well as pure culture studies have shoira that 
all the members of the group, without exception, are capable of development 
under strictly anaerobic conditions, provided they are properly iUummated, the 
most certain general method is that of anaerobic incubation in a light cabinet, 
of solid media inoculated vith material from enrichment cultures. _ 

It should here he observed that not everj- anaerobic culture method is equally 
effective In the absence of air the purple bacteria depend, for their develop- 
Lit on their photoej-nthelic aelivities. This ntll make It clear "'hr Csorda 
and ilaresch (20) enconntered difficulties rrhen usinj agar plates slacked in 
ctl“trlch tere made osyge-to by nriatums of pyrogall.c ae.d and 
rmta^iurn hvdroxide. The carbon dioxide tension m such an enwronment 
LiSS) too lore for ensuring active photos, -nthesis on the part of the organ,.™. 
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The most satisfactory procedure is that of shake-cultures, using successive 
dilutions, in an agar medium, the composition of which can be varied at will. 
If such cultures are made in culture tubes, and the agar column after solidification 
is covered with a sterile, melted mixture of equal parts of parafiin and paraffin 
oil, they can be kept without drjdng out, and without becoming “aerobic” for 
man}^ weeks, even months. 

Concerning the composition of the mediiun the following may be said. A 
“imiversal” medium, i.e., one which has proved satisfactory' for aU strains 
studied, is a dilute yeast extract agar, containing 3 to 10 ml hquid yeast autolysate 
per 100 ml. The addition of a small amount of Xa^S (about 0.01% Na^S -OHoO), 
and of XaoCOs or XaHCOa (0.2%) is recommended to pro\'ide strictly anaerobic 
conditions from the start, as weU as a sufficient supply of CO 2 . Although 
development of most of the purple bacteria can take place over a fairly wide 
pH range, adjustment of the reaction to pH 7 with a few drops of sterile phos- 
phoric acid solution is preferable ; at this pH the sulfide in the concentration used 
exerts no inhibitory effect, and yet can rapidly eliminate the last traces of 
oxygen. 

For certain purposes the use of an agar medium of approximately' the same 
composition as that of the enrichment culture medium may' be desired. If so, 
it must be realized that in some media the purple bacteria, in crude cultm’es, 
occur principally as a secondary' flora. Primary^ decompositions of the substrate 
under the influence of non-photosynthetic microorganisms give rise to changes 
in composition of the medium, and it is often the decomposition products, 
notably^ the fatty acids, which lead to the subsequent growth of purple bacteria. 
In general, acetate and butyvate are excellent substrates, with lactate and malate 
nmning a close second. 

However, the concentration of the fatty acids should not be too high (0.2% 
as a maximum in the form of their Na salts), nor the pH of the medium below 7. 
Media of this composition, due to the complete utilization of the organic anion, 
tend to become extremely^ alkaline, however, and such cultures are therefore 
not as lasting as the ones in y^east extract. "^Tienever such “symthetic” agar 
media are used the addition of small amoimts of y'east autoly'sate (1 to 5 ml per 
liter) is necessary' to provide the required growth factors. 

As a practical measure the use of soft-glass rather than of Fynex culture tubes 
is reconunended for isolation purposes (shake cul tines). They' can be easily' 
cut at the bottom, and the agar column then blown out into a sterile Petri dish. 
Xuraerous modifications are, of course, possible, but they' do not affect the prin- 
ciple of the method in any' way'. By' slicing the agar column the desired colonies 
can be laid free for examination and transfer. In case the colonies are of con- 
siderable size, it is often expedient to bend the agar col umn , as soon as a large 
colony extends beyond the cut end of the tube, against the wall. It will then 
usually split in such a way that the break passes exactly' by the colony'. 

Even with the most homogeneous enricliment cultures as an inoculum, .fingle 
colonies in the first series of shake cultures do not. as a rule, represent pure cul- 
tures. This is partly' due to the fact that the purple bacteria, whenever they 
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s de of the tube which is nearest the Ught. Hence, the entire outer surface of 
he agar column is frequently covered with a thin layer of organisms which may 
J.ave developed froin different cells of the inoculum. It is, however, a simple 
maltor to prepare additional series of shake cultures from well isolated colonies 
The mere dilution factor generally guarantees that tubes in a second series with 
not more than 1 0 to 20 colonies actually represent pure cultures. It goes mthout 
.sa.nng that a ligoroiis e.vamination of all colonies in one tube must demonstrate 
the identity, at least in a morphological respect, of their contents before the con- 
clusion ma.y be reached that a pure culture has actually been achieved. 

Another method for isolating pure cultures, sometimes useful in bringmg out 
types which arc present in the enrichment cultures in small numbers, consists in 
streaking on aerobic yeast agar plates. Naturally, only those purple bacteria 
capable of development under aerobic conditions uill here grow into colonies. 
In such cases where the large majority of the Aihiorhodaceae in a crude culture 
is represented by bacteria inhibited by oxygen, isolation of the potentially 
aerobic minority by means of shake cultures is well-nigh impossible, whereas the 
latter will be the only types developing aerobically. Often one can thus readily 
isolate "lirowm bacteiia” from cultures which microscopically and by shake cul- 
tures appear to contain onl}" red forms. If aerobic culture methods are used, it is 
immaterial whether incubation is in the light or in the dark. 

The pure cultures are kept conveniently as stab cultures in yeast extract 
agar, and, when necessary, covered "with paraffin seals. Many strains can be 
grown from the moment of isolation without this precaution; others can gradually 
become adapted to it. Incubation, at least for a few days, should be in the h’ght, 
though after the cultures have developed sufficient!}’’ they may be kept in the 
shade or complete darkness, ^^^len kept in the light such cultures often remain 
viable for a long time; I have observed actively motile cells in cultures over 2 
years old. But not all strains behave in this way; and if the cultures are to be 
used at definite times, it is best to make transfers about once every two or three 
months. 

Aerobic representatives may, of course, be kept on ordinary slants and groun 
in the dark. However, it is my impression that under such conditions the 
photosynthetic ability of the organisms slowly weakens. I have had cultures of 
a number of strains both in stabs, exposed to continuous illumination, and on 
slants which were regularly kept in the dark e.xcept at times when they were 
transferred. In the course of 10 to 15 years the “dark cultures,” though still 
capable of slow and scanty development under anaerobic conditions m the light, 
were decidedly less suitable for photos}'nthesis e.xperiments than the correspond- 
ing stab cultures. By a process of selection one can succeed in gradually restor- 
ing the original vigor, but this takes time, and many transfers in media where 
growth depends upon photosynthetic activity are required to achieve it bo 
far I have not obser^’ed a permanent loss of photos}mthetic activity m cultures 
iScli have been grown in the dark for many years Whether by <=areful selec- 
til subcultures might be isolated which have become non-photosynthetic 
remains a problem for the future. 
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4. GENERAL MORPHOLOGY OF THE NON-SULFUR PURPLE BACTERIA 

‘‘Wurde man die Purpurbakterien auf Grund ihrer morpbologischen Merkmale, 
die ja bei der systematischen Sondemng die erste RoUe spielen mussen, allein 
gruppieren, so wurden sie sich uber das ganze Bakteriensystem verteilen.” 

Molisch (4), p. 26. 

I. Common morphological characteristics 

The numerous strains of pure cultures which have been examined have certain 
morphological characteristics in common, apart from those which have already 
been enumerated in dehmiting the group as a whole. Thus, aU consist of motile 
bacteria in which the motilitj^ is caused by polar flagella; all are gram negative 
and none of them is capable of forming endospores. 

a. Mobility. The designation of aU strains as “motile” does not mean that 
aU or most of the cells in a culture, even in a young one, exhibit motihty. Al- 
though this is true for a majoritj' of the strains when growing under favorable 
conditions, there are also those which upon a cursory examination would appear 
as immotile. These strains regularly give rise to cultures which are conspicu- 
ouslj’ mucila^ous; the developing cells produce a slimy sediment on the bottom 
of the culture vessel. Frequently the entire Kquid is thus transformed into a 
highlj’- mscous mass which, on being poured out of the container, appears to 
hang together in thick strands, much like ropy milk. The flow can be reversed 
bj"- tilting the container at the proper angle, and what has premousl}' been poured 
out Mill flow back into the flask or bottle. The vast majoritj' of the indi\’idual 
cells in such cultm'es appears non-motile, and it is only on careful and prolonged 
examination that one can And an occasional bacteriiun which moves activelj’ 
about. 

No doubt the extensive slime production in such cultures must be held respon- 
sible for the scant signs of motility; the bacteria are glued together, as it were, 
in the massive strands which can be made to whirl up from the bottom into the 
supernatant liquid without losing their coherence. In these strands the indi- 
^'idual bacteria are an-anged more or less regularly, and this accounts in part 
for the high Adscosity of the cultures. If the contents are Aigorousl 3 ^ shaken 
vitli a few glass beads, the strands can be broken up, and the organisms some- 
what cA'enlj’ dispersed. After this treatment the “ropj*” property' of the culture 
is lost completeh". This behaAdor is strikinglA’ reminiscent of the structural 
AdscositA' of ropA' milk caused bj’" “Bacillus laciis viscosis” Adametz {Aerobacter 
acrogcucs), for AA'hich Ixlujwer (37) has shown the relationship between ropiness 
and structure of mucous strands. 

IMicroscopic examination, especiallA* of mounts in India ink, shoAA's the arrange- 
ment of the purple bacteria in such strands, an arrangement Avhich exacth' fits 
hlolisch’s description of his Bhodocystis gclatinosa (4, p. 22): “Die einzelnen 
Zellen sind in dem Schleimhof nicht ganz AAdrr durcheinander, ZAA'ar auch nicht 
parallel, aber doch haufig A'orherrschend nach einer Richtung gelagert . . . . ” 
Other strains of purple bacteria, both morpholigicallA' and phA-siologicall 3 ' 
different from the preAdous t3'pe, ma3' form slime capsules AAdthout, hoAvever, 
giAdng rise to the formation of t3-pical strands. EAddentb* the indiAddual cap- 
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Rules do not merge to an appreciable extent, and the bacterial cells, single or in 
chains, remain separate, without orderlj-- arrangement. As a result of the mucus 
production, however, cultures of these organisms, too, usually contain a very 
small percentage of motile cells. 

^ ^ Although Molisch has described a number of species of Athiorkodaceae as 

immof ilc, ' it is noteworthy that all these are characterized by slime formation. 
Czurda and Marc.sch (20) have obsenmd motility in one of their cultures of a 
capsulatcd member of this group, but state specifically that it is of a transient 
nature. 

I'lagclla stains of such cultures in which the majority of the bacteria appears 
motile are simple and give con\'incing evidence of the polar mode of insertion. 
It is far more difficult to obtain satisfactory preparations from the mucus- 
producing types. The best results have so far been obtained bj' placing a clump 
of the organisms at one edge of a large drop of water which is kept in the dark, 
while the opposite edge is c.xposcd to light. The few motile cells accumulate, 
by jihototaxis, in this region of the drop, so that after a wliile one can here find 
a much more favorable ratio of motile to immotile cells, with which a flagella 
stain can bo attempted. In successfully stained slides these tjTpes also show 
clearly the presence of a single polar flagellum. 

h. Gram slain. A great many slides of the various strains have, in the course 
of lime, been stained by the Gram method. Cultm-es from stabs, slants, and 
liquid media of dilTercnt composition have been used. In not a single case has 
any evidence been found for the presence of gram positive cells. 

Molisch (-1) docs not mention the behaidor of purple bacteria towards the 
Gram stain. On the other hand, Czurda and Maresch (20) report all their 
strains as gram negative, stating: “Gram-positive Athiorhodobakterien oder 
Gram-positive Inhaltsstoffe wic sie Schneider vorlagen, haben wir noch nicht 


angetrolTcn” (p. 120). 

Apparently Schneider (22) is the only one who has claimed the existence of 
gram positive purple bacteria. In his description of the morphological char- 
acteristics of Rhodobacillus pahistris one finds the following passage: Dagegen 
sind jungc in Teilung begriffene Baktericn .... ausgesprochen grampositiv; ihr 
ganzer Korper fiirbt sich nach Gram blauschwarz” (p. 93). 

The discrepancy is due to the fact that Schneider did not, as he believe , use 
a pure culture of R. palustris. Also in a number of physiological 
behavior of Schneider’s cultures was so considerably at variance nith t at w c 
I had observed with a number of strains of purple bacteria, tentativ elj'' i en i e 
ns R. palustris, that it seemed desirable to compare the various isolates. pon 
rcciuest Dr. Schneider obligingly sent me subcultures of liis strain, an 
experiments showed me that with these cultures his observation con 
reproduced. It appeared, howev'er, that the ori^nal culthres con ame _ 
kinds of Athiorhodaceac, in addition to representatives of the » J 

aerobic and anaerobic sporeformem, and non-photos 3 'nthe 
“It' t sr,™ positive ors.„isp.s .bjrvsd by 
in his fig. 2, belong to the lactic acid and aerobic sporeform g 
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purple bacteria, upon isolation in pure culture, behaved as gram negative 
organisms, 

c. Absence of cndosporcs. In the section dealing ndth the enrichment cidtures 
it has already been remarked that inoculation of appropriate media with pas- 
teurized materials has never rielded cultures of purple bacteria. Nevertheless, 
a few of the strains give, in certain media, an appearance which suggests the 
presence of endospores. But if such cultures are subjected to any one of the 
accepted methods for the specific staining of endospores (3S, 46), the results are 
invariably negative. 

It is doubtful whether the spore-like bodies, described by Sclmeider (22) as 
occurring in Iris cultures of R. pahtstris, are at all connected with the life Iristory 
of purple bacteria. As stated before, Schneider’s cultures were found to contain 
bacteria belonging to the groups of both aerobic and anaerobic sporeformem, «o 
that the actual occirrrence of endospores in some of his cultures would be 
expected. 

Continued observations on strains wiriclr exlubit the above-mentioned morpho- 
logical peculiarity have made it clear that the highly refractile inclusions dis- 
tinctly resemble spores only uirder special conditions, and in fact bear no relation 
to I’eproductive structures but consist of oil or fat. Tlris was fii’st suggested by 
the appearance of the bacteria in media in which the continued growth gives 
rise to somewhat abnormal cell shapes (“involution forms”). In such cultures 
the refractile bodies showed up more numerously, while at the same time their 
irregular shape and size argired str-ongly against an endospore nature. The 
I'ecent stucUes, especially those of I. ^I. Lewis (39-42), have proved the frequent 
occurrence of oil and fat inclusions in microor-ganisms, and with the aid of Sudan 
Black B (43) it was not chfficult to ascertain that also in the purple bacteria the 
refr-actile bodies, wiienever they occur, consist principally of fat. 

Also, reproductive structures other than spores have never been observed in 
the purple bacteria. 

These morphological features of the Alhiorhodaccae, viz., the occurrence of 
polariy inserted flagella, the negative outcome of the gr’am stain, and the absence 
of spore-for'mation in all strains, show that this group of organisms forms a 
remarkably homogeneous entity in a morphological respect. Were it not for 
the presence of the characteristic pigment system these properties would justify' 
the inclusion of all Athiorhodaceae in the family Pscitdomonadaccac as defined 
by Ivluyver and van Niel (44) and adopted in the 5th edition of Bergey’s Manual 
of Determinative Bacteriology. Thus it appears that it is no longer necessary 
to sirbscribe to the riews of ^lolisch, quoted at the head of this section. The 
^ iennese botanist believed that only by placing due emphasis on the occurrence 
of the pigment system could a haphazard di-stribution of the purple bacteria 
throughout the bacterial system be avoided. Considerations of this nature show 
that some definite achievements in the difficult problem of bacterial taxonomy 
have been attained. 

How the various aspects of the morphologj' and phy.riology of the Alhiorho- 
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nnii-<.!!lfMTmm)lp'h'ur^ common morphological characteristics of the 

n.hun" Sacral appearance of the 



Iht!. I. ipi<iil(iii'<cii(lom«ii(i!! paltiKtria. Strain Xo. 52, Young (48 hr.). Culture in basal 
im-tlium witli (I.I^o loiiciiie; aiiaerolne; X SOO. 

ric.._ 2. IfhothpsdKlomoiKiif paliisliis. Strain Xo. 50. Culture in basal medium with 
(1.2% Xa-crotonate; 7 day.s. anaerobic; X 800. 

I'lO. 11. liliiithjiiicuihiiioiian pahixlrit). Strain Xo. 18. Culture in basal medium with 
<h2(;i glycerol; 10 day.s, atiacrobic; X SOO. 


Considering (lie form of the cells alone, four types stand out clearly. They mas' be 
ebaraeterired as follows. 

Tyiie I. fn young cultures the cells occur as small, short, slightly curved, and highly 
motile rods wliicli show no tendency of becoming or remaining united in groups, .*Vs 
the cultures grow older, tlio rod-shaped colls become longer, frequently irregular, with 
bent or even branched forms conspicuously piescut. In this stage of the cultures the 
nKlividunl cells produce characteristic gioups of somewhat star-shaped appearance. 
Such culture.^ prc.scnt a close, though superficial, resemblance to Conjnehaclcrium and 
Mi/cnliiiclcn' 11)11 cultuics (figs. 1,2,3). 

Tvpc 11. Hero also the iiuiivulual bacteria in young cultures are small, short, and highly 
motile rods, but with an appearance of stretched cocci rather than vibrios. Thej 
o.slnbit a pronounced tendency to the formation of characteristic chains, re.=embiing 
.streptococci, or of irregular, long rods, the latter also frequently in strings of a zigzag 

arrangement (figs. 4,5, G). _ _ , „ , r tt 

Tj’pe in. While the microscopic aspect of young cultures is similar to teat ot ^ , 

the cells aie still more spherical, and do not (end to the formation of chains, no 
shaped stiiiclnics arc seldom encountered, and, when occasionally found, appear as 
tvpical“involution forms" (Figs. 7,8). ■ „ . ■ 

Tvjic JV, This is the most conspicuous morphological group, and comprises the strains 
in which the cells arc spiral in shape (Figs. 9, 10). 

CoiTclntcd with these differences in cell form are dissimilarities in the general 
apjiearance of tlie cultures. For e.vample, the cultures of tj'pes 1, III, and 
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are not, those of typo II are usually mucilaginous. Also color differences exi<t 
^vhicli are consistent and characteristic for these groups. 



cajmnlatiis. Strain Xo. 42. Culture in basal medium with 
U.^/o Aa-iso-butyrate; 3 days, anaerobic: X SOfl 

„ ^l>odopsciidoinr.iias capstilaluK. Strain Xo .32 Culture in basal medium with 

U.-/o Aa-glutaniafe; 5 d.ays. anaciobie; X SOO. 

1 ^l>ofl(‘PSci;doiiio)tas capsulnlus. Strain Xo 32 Culture in veast extract. 0 5C- 

phosphate, pH 7.0; 6 days, anaerobic; X JOO. 



r, ■ ^^“idopseiidomouas sphcroidcs. Strain Xo. 36. Culture in basal medium with 

U.4/o ethanol; o days, anaerobic; X £00. 

n ^^[o^opscudomoiias sphcroidcs. Strain Xo. 36. Culture in basal medium with 

0.1% Xa-7i-valerate; 7 days, anaerobic; X SOO. 



anacrolde- ^''hrinit. Strain Xo 11. Culture in yeast extract. pH 7, 2 da>s. 

anaerobic- ’ Strain Xo 4 Culture in yeast extract pH 6 0; 4 days. 

ff WO aspects of the coloiation of the culture.'^ must be distinguished: the pig- 
mentation of the cell masses themselves, and the development of color in the 
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surrounding medium. It is often tacitlv qssnmori i . . 

<'sd,isivdy ‘Vl,r„m„|,l„„„„ 5 .' in the senee of Beijcrinck (4Tn T 'hi' Ih™ “ 

trnhsrfr' 

10 ( Jll., amJ fnlfill, a pin .«iolog,caHy important function. Thou<^h in mv 
. I e. lenee ins i.s t rue or t he Thorhodacme which have .so far been studied in pure 
'1« H It ,loes not hold ngorously for all the members of the group of non-sdfur 
P 11 pie lintli m hquid cultures and in agar stabs, one can readilv 

ob.serve that the ilevelopmcnt of certain strains is accompanied bv a bluish-red 
discoloration of the medium. In sufficiently old liquid cultures, where the 
liactena have .settled on the bottom, it is not uncommon to find the initiallv 
enlorle.-s supernatant li(,uid colored a bright and perfectly transparent purphsh- 
red. Stab culture.s of the .same strains .show progre.ssive diffusion of a similar 
coloring matter from the region of growth until, after some weeks of develop- 
ment, the entire medium is colored. 


In tlie beginning I ascribed this phenomenon to a .slow autol.vsis of the bacteria 
with the liberation into the environment of the protein-pigment comple.v first 
i.solatcfl and ilescribed liy French (33, do) as “photosynthin.” The strains 
could, on thi.s suiiposition, be segregated into a. those readily .subject to autolysis, 
and 1). stalile ones. 'I'lie pos.sibiiity of the occurrence of autolysis is, especially 
in media which during development become strongly alkaline, far from remote, 
and autoly.sis iiad been demon.strated liy Muller (7) in cultures of Tbiorhodacea?. 
However, during the course of the investigations it became evident that the 
colored culture solutions cannot be explained on this basis; they are due to the 
production of a water-soluble jiigment, very different from photosjmthin, and 
aiiout which more will be .said later. Characteristic for these solutions is the 
absorjition spectrum; it lacks the typical bactcriochlorophyll band at 590 mfi, 
but iircscnt.s instead two new bands, not encountered with any of the known 
Thiorhodacra-’, at 010 and 505 nm. The strongest absorption by the solutions 
oecurs around 535 mu. 


The cxercTwu of thi.s pigment occurs frequently in cultures of the morphological 
tvpe.s 1 and II, wiierea.s it has never been encountered in types III and H*. Its 
extent varie.s considerably, iiut .seems in general related to the density of the cul- 
turc.s. Media whicli support extensive growth usually become deeper colored 
than those whicli give rise to only a faint development of the bacteria. It can, 
however, bo delected wherever tiic organisms grow. 

Striking also arc the color differences of the culture.s due to the pigmentation 
of the organisms themselves. But here a considerable range of shades may be 
observed even with one and the .same strain, depending upon the composition 
of the medium and the culture conditions. The extremes which I have observed 
with the different strains, and in a large variety of media, are a pa e rowiu.. 
rellow practically straw-colored mas.s of bacteria, and an intense, deep bur- 
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reminiscent of the appearance of certain Thiorhodaceae in media containing 
sufficient sulfide, so that the indi^ddual cells are stuffed udth sulfur globules, 
whereby the pigment S 3 'stem of the organisms is partial!}' masked. Closely 
correlated with this t^-pe of pigmentation in the Aihiorliodaceae is the mucilagi- 
nous nature of the grow'th, discussed before in connection with the motility. 

On the basis of anaerobic cultures alone, two more groups of strains can be 
segregated. In cultures of the first group the growth appears red, var}'ing with 
the medimn from a deep bromiish-red to a lighter shade with a faint bluish hue. 
The preponderance of red in these strains sets them clearl}' apart from that 
group which generally appears brown, with a dominant yellow. But this dis- 
tinction is not an absolute one, as is shown by an examination of aerobic cultures 
of strains belonging to the latter tx'pe. If development occurs in the presence 
of air — and it should here be emphasized that this is not always the case; some 
of the strains appear to be strict anaerobes — it often presents a color which is 
ver}' sunilar indeed to that of cultures of the first group. 

liTiile stud}Tng various representatives of the Afhiorhodaccae iNIolisch (4) 
had noticed that not all cultures exhibit the same color. His spectroscopic 
investigations of extracts of the pigments led him to the conclusion that the 

TABLE 2 

Absorption maxima of various representatives of Aihiorhodaceae 
in the visible region of the spectrum 
Absorption maxima, millimicrons 


Groun 1 

590 

550 


515 


Group 2 

590 


530 


500 

Groups j 

590 


i 1 

520-510 



differences must be ascribed to the existence of two kinds of red pigment, which 
he designated as ‘ffiacteriopurpurin a” and “bacteriopurpurin /3.” The former 
vas obtained from a pure culture of Rhodohacillus 'paliislns, the latter from a 
Rhodospinllum species. The nature of these pigments will be discussed in 
more detail in a separate section later on; it may here be briefly stated that 
iMolisch’s contention of the existence of more than one ‘ffiacteriopurpurin” has 
been amply verified by more recent studies. It is now quite certain that more 
than two pigments of this t}'pe occm- in the non-sulphur purple bacteria. 

In general it can be stated that a spectroscopic examination of the intact, 
Ib-ing cells of representatives of the group reveals three t}'pe5. All three show an 
absorption band centering around 590 mp which, as will be shown later, is due 
to the green component of the pigment system, the bacteriochlorophyU. The 
differences in the absorption spectra occur in the shorter wavelength region. 
The main characteristics of the three tjqjes appear from Table 2. The figures 
should be considered as approximations; a considerably greater degree of varia- 
tion seems to exist. However, it is such an easy matter to obser^'e these bands 
^^ith a .simple hand spectroscope that, for a general orientation, they have 
proved useful. 
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Those strains which are indubitably red ah appear to contain the pigment 
r^ponsib c for the absorption at 550 m;.. It is of importance to note torthe 
t 3 Tical broTO bacteria” which give rise to red cultures when gromi in the 
presence of air also show this most characteristic absorption band in the red 
p lase, whereas anaerobic cultures of the same organisms belong spectroscopically 
to ^oup 3. I msh to emphasize that the spectroscopic groups should not be 
confused with the four morphological types distinguished previous^. The 
spinlium strains, for example, wMch have been designated as belonging morpho- 
logically to Type R'’, can be separated into two groups on the basis of their 
spectroscopic characteristics (groups 1 and 2), while also in each of the other 
morphological types spectroscopic differences can be observed. 

Although cultures of one strain in a variety of media may present different 
shades when viewed with the naked eye, the determination of the main absorp- 
tion maxima shows that the color variation in such series should perhaps be 
a.scribed to differences in the relative amounts of the various pigments, rather 
than to the occurrence of different pigments. The only exception to this gen- 
eralization, alreadj' noted, is the production, under aerobic conditions, of a red 
pigment by some strains which do not appear to manufacture it in the absence 
of air. 


in. Morphological variaiion in the non-sulfur purple bacteria 

From the foregoing remarks concerning color variation in pure cultures 
exposed to different conditions, it follows that one cannot adequately character- 
ize the color of a single strain by assigning to it a certain number from one of the 
e.visting color codes. Such a procedure would be entirely misleading unless at 
the same time the culture conditions were rigorously specified. The same holds 
true, and in some cases in a spectacularly e.xaggerated manner, for the morpho- 
logical characteristics of any one strain. The reaction of the medium, the 
nature and concentration of the nutrient materials present, the culture conditions 
in general, exert a distinct influence upon the morphology of the organism. For 
this reason it is mostly impossible to interpret prenous descriptions of repre- 
senfatives of the Athiorhodaccac, based largelj' on observations with impure 
cultures, in terms of identifiable species. Also here a rigid standardization or 
specification of environmental conditions would be required in order to furnish 
a brief characterization which could lay claim to accuracy and usefulness. An 
alternative solution consists of cavrjdng out extensive observations on the rela- 
tionship between morphology and enviromnent, and incorporating the results 
in the description of the various morphological types. 

Similar difficulties were encountered during the study of the TMorhodaceae (3). 
Tlioy ultimately led me to postpone an attempt at a more satisfactory description 
and classification of this group until more extensive information was avai able. 
Such an attitude seemed sufficiently justified because the strains available for 
mire culture studies appeared to comprise only a very small number of morpho- 
logically distinctive groups, whereas collections from naturally occuiring mass 
cultures often present a far greater abundance of morphologically recognizable 
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types. Of decisive importance in this respect -was the fact that the most con- 
spicuous of the species, described from observations on impure materials, had 
not yet been obtained in pure culture. 

The situation in the case of the non-sulfur purjile bacteria is, fortunate!}', quite 
different. Xot only is the number of strains, available as pure cultures, vastly 
greater, but in addition it is my Avell-considered opinion that among these are 
represented all the t}q3es that have prexTously been more or less clearly recog- 
nized and described. 

To tins should be added yet another circimistance which argues strongly in 
favor of the contention that the general biology of the Athiorhodaccae is at 
present better understood than that of the purple sulfur bacteria. It has already 
been mentioned that by a judicious selection of enrichment methods it is now 
possible to obtain almost any one of the knorni representatives of the first gi'oup 
from a crude inoculum. Our current interpretation of the results of em-ichment 
cultures leads to the con\'iction that the medium in which a certain micro- 


organism or group of microorganisms gains predominance over the other t}'pes 
present in the inoculum, represents fairly accurately the conditions under which 
also in nature this particular gi'oup Anil be found in active development, in other 
words, corresponds to its “natural environment.” The more restricted the 


specific microflora of an enrichment culture, and the simpler the composition 
of the medium, the closer A\ill be the approximation. Hence the successful 
ennchment of the different members of the non-sulfui’ purple bacteria in media 
which do not support growth of other microorganisms makes one feel confident 
that tne natural ennronment of these organisms has been closely approached. 
And this, in turn, implies that one can better evaluate the nonnal range of varia- 
tion that each specific representative is likely to display in its natmal habitat. 
On the other hand, since many tjqies are found simultaneously in some of the 
moie complex media, and their ultimate identification iviU have to be based on 


pine culture studies, it is equally necessary to pay close attention to their 
le aiior in media which do not necessarily correspond in composition to the 
simplest and most specific ones. 

■ more striking examples of morphological variability vill be briefly 

111 cated at this point; a more detailed discussion will be found irith the descrip- 
tion of the various species. 

In the fiist place the spirilla. They are so easily recognizable, and so con- 
spicuous that the generic diagnosis is, indeed, a simple matter. But when it 
comes to distinguishing or identifiing species, the matter is considerably more 
comp mated. In the relatively few studies on members of this genus (41, 48, 49), 
1 las ^ een customary to differentiate and describe species on the basis of the 
cells, and of the turns. The extent to ivliich such a procedure 
'AT Aield satisfactory results obA'iousIy depends upon the constancy of these 
c laiacteristics. A glance at figures 11-16, illustrating the morpholog}- of one 
^mg e stiain in a number of different media, aatII shoAA’ at once Iioav extraordinary 
an unexpected are the A-ariations in tliis respect. Xot only the length and 
'AT 1 1 o the tums, and the number of turns of an indiAndual (not necessarily a 
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ti.o organism foa number of diffr IT , to 

'oKH-al types as “normal,” and the others as S " f"’’ 

«<lffjuately illustrated hv the lesiilts evnerie Perhaps, most 

«('-<'t.s from cariehment'cuUures'. ' ' ^ isolation of various 




Fins, 11-if). IllKHlinpinllnm riibrum, Strain No. S; X 800 ; 7-day anaerobic cultures in 
nasal nualiiun \\itli: 


11 

0 2% Na-acetatc 

12 

0 2% Na-propionatc 

I.'i 

0.2% Na-n-butyrate 

1 1 

0.2% Na-fumarafe 

I.') 

0 2% Na-malcate 

Hi 

0 2% Na-aspartato 


In a variety of .simple media, differing chiefly in pH or in the organic substance 
n.scd, .spirillum .spceie.s tverc regularly encountered, and often constituted the 
majority of organi.sma prc.scnt. The most interesting phenomenon was that the 
(lifl’oi-ent media scorned to contain such strikingly divergent types. tVhen pure 
{•iilture isolations were attempted witli the use of shake cultures in 3'east agar 
the original expectations were, however, sadly shattered. To be sure, from ail 
the einiehment eulture.s in which characteristic .spirilla abounded, pure cultures 
of some .spirillum were easily obtained. But the spectacular differences no 
longer appeared. Tlic crude culture might lia^'e contained extremely large 
orgaJii,sm.s, or beautifully and tightly wound corkscrews, or cells resembling 
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rings; the pure colonies, upon inspection, showed no observable difference from 
what has been known for half a centurj’- as “Spirilhim nibnim.” Repeated 
transfere of the emiclunent cultures to liquid media of the same composition, 
on the other hand, revealed that the spectacular forms persisted. And the later 
experiments with the isolated pure cultures of “Sptrilhnn nibrum” p^o^’ided the 
final and unambiguous answer to the problem why the unusual spirillixm tj-pes 
were not foxmd in the 3 'east-agar shake cultures; thej"" are t 3 'pical onl}" for certain 
media and wiU reappear upon inoculation into the media in which thej'^ were first 
observed. 

Equalty characteristic, although not so spectacular changes in morpholog}’' 
have been observed with manj' of the other stains, in which the general mor- 
phology is not that of a spirillum. For example, the rather pronounced vibrio- 
shape of some strains can be observ'ed clearly in some specific media onlv^; in 
others these organisms gi-ow as more or less long rods. (See figs. 1-3). Other 
strains, again, maj’- occui- as verv^ short rods, resembling streptococci when thej’’ 
remain attached, or under different conditions, as long, irregular rods. (See 
figs. 4-6). 

It win thus be clear that an adequate morphological description of the Athio- 
rhodaceae must comprise a characterization of the organisms as they develop 
under a variety of environmental conditions. Naturally, the selection of such 
conditions as might be regarded more or less normal and significant is, in part at 
least, a matter of personal appreciation. In the following chapter a condensed 
review will be giv^en of the general physiology of the group. From this it will 
become apparent what, in my opinion, should be considered as the fundamental 
aspects of the vital activities of the organisms. This, in turn, permits a decision 
as to the nature of the general habitat of the group and its representatives. 
Upon the criteria so developed can then be based an ev^aluation of the significance 
of the pattern presented bj^ the morphologj’’ of the individual strains as influenced 
bv’’ environmental conditions. 


5. 


GEXER.\L physiology of THE X'OIf-StfLFUR PURPLE B.V.CTEKIA 


Da die EmShrungspliysiologie der isolierten Stamme nocli nicht entsprechend 
ge - art ist, bleibt vorderhand unbekannt, welche der isolierten Stamme zusammen- 
gehoren.” 


Czurda and Maxesch (20), p. 106. 

I. The influence of light and of oxygen on the development of the group 

In spite of the nutritional studies, carried out on this group of organisms during 
e past 35 V'ears, a perusal of the literature pertaining to the subject leav'es one 
a feeling that the existing information is extremelj^ fragmental^' and con- 
P^iPtial explanation for this situation is not difficult to find; the 
- uor lodaccae comprise a re]ativel 5 ' large group of bacteria, and the individual 
ciaract eristics of various tj’pes show, in a number of respects, quite considerable 
£. Ev'en so, it should be possible to develop a more integrated and 

r. picture of the general aspects on the basis of a clearer concept of the 

biochemical activities of the organisms. 
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A good deal Of tlie confused state of the problem can be ascribed to the fact 
hat for a long time the i-ole of light and of oxygen in the physiologj^ of the purple 
bactcna was not clearly understood. That a supply of radiant energj' is Mt 
always essentia! m order to secure development was loioim to MoUsch w£ wrote: 

f mrine Untersuchungen reichen, das Licht nicht not- 
eni ig, denn es konnen manchc Rhodobakteriea namentlich in festen Nahrboden aueh im 
I'lnstcrn sclir gut wncliBcn, allcin in iiussigen Nahrmedien ist der Einfluss schon leicht 
erkennbar. Besondora auffaliend macht sich die Einwirking des Lichtes im Wasser mit 
fmiicnden orgamsclien Stoffen geltcnd, da ein reiciiliches Aufkommen oder das Auftreten 
der I iirptirbafcloricn Oberimupt an die Anwesenheit von Licht gebunden ist” (4, p. 72-73). 

For many years tlicrcafter the question whether light was “necessary” or merely ‘‘stimu- 
lating'' was an ardently debated point. As late as 1933 Hama (50), in commenting on the 
matter, wrote; 

^ "Bci mcinen Fcrsuclicn wnrde in der im dunklen Brutschrank bei 25‘’C. gehaltenen 
KuUur koine Entwieklung von Spirillen boobaohtet. Aber naturlich sind fiir eine end- 
gQlfigc Losung dicser Fragc vollstandigcrc Hntersuchungen mit der Reinkultur etforder- 
lich” (p. 143). 


jVlso llic problem of the effect of oxygen on the development of these purple 
bacteria has occupied a number of investigators, resulting in contradictory state- 
ments. Here again, the first definite pronouncements came from Molisch. 
Studjdng a variety of forms of Athiorhodaceae, he arrived at the conclusion that 
not all species react in the same manner. Some types behave as ordinary aerobic 
bacicria, wlicrcas Others appear to be strict anaerobes. A disregard of this 
divergent behavior of different strains on the part of later workers, and especially 
the frequent use of impure cultures, have added to the confusion. 

As a more integrated concept of the fundamental phj’siologj’ of the purple 
bacteria was developing, it became increasingly probable that there would e.\ist 
a close connection between the influence of light and of oxygen on their develop- 
ment. Tile available evidence pointed strongly to a photosynthetic activity in 
illuminated cultures, but the failure of such cultures to produce oxygen in detect- 
able quantities, even if Bcijcrinck’s exceedingly sensitive ‘‘luminous bacteria 
method” (51) was used, indicated that the photosynthetic process was in some 
way different from that of the green plants. For a more detailed discussion of 
this problem the reader is referred to the recent rexriews of the bacterial phota- 
synthcscs (8, 52, 53) ; suffice it to state here that these processes came to be con- 
sidered as variants of a general photosynthetic reaction which can be axpressed 
by the equation 

CO=-h2H,A (CH,0)-fH,0-h2A. 


TU, cualio. implte ™ »« ‘ke 

f] om cat vanoKs organisms. Since osjgen 

donor, II.A e » J H.O, it follows that 

r-ntl oSdimble sutetoees, such as am re,«W by the purple 
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bacteria for photosjTithetic acti^^ity, an oxj'gen production ivill not take place 
in cultures of these organisms. 

The non-sulfur purple bacteria seemed, according to pre\dous investigations, 
to require organic substrates for growth. Supposing that these materials would 
play the role of HoA in a photosjmthetic reaction, it could be inferred that growth 
of the purple bacteria would be possible under strictly anaerobic conditions, since 
0X3-gen does not enter as a factor in the photosjmthetic process. But the supply 
of radiant energ}’' would be a prerequisite. 

Numerous experiments have ampl3’^ confirmed this. AU purple bacteria are, 
indeed, capable of development in the complete absence of oxygen, provided the 
cultures are properlj’’ illuminated. On the other hand, none of the manj’’ strains 
of Afhiorhodaccae has ever developed anaerobicallj’’ in the “dark.” 

It is necessarj' to specify what is meant here by “dark.” The photosynthetic pigment 
apparatus of the purple bacteria contains a bacteriochlorophyll which, though chemically 
closely related to green plant chlorophyll, has a distinctly different absorption spectrum, 
^lost characteristic are the absorption maxima in the near infra-red region (800-900 m/x), 
and the absorbed infra-red radiation is photosynthetically functional (5, 31, 32, 33, 54). 
It is, consequently, possible to obtain growth of purple bacteria under anaerobic conditions 
if the cultures are exposed to a source of infra-red radiation in this region. From the point 
of view of the purple bacteria this is, however, equivalent to incubation in the light. When, 
therefore, in the following pages the designation “dark” is used it implies the absence of 
effective radiation, including the near infra-red region, rather than the visible region only. 

the demonstration that the supplj"^ of radiant energy is essential for 
development of the pm'ple bacteria under anaerobic conditions, the situation 
has, nevertheless, been clarified only in part. For the question still rema ins to 
be answered whether an}’’ of these organisms can, as has been claimed by various 
investigators, develop in the dark. In view of what has been said above with 
respect to the effectiveness of infra-red radiation for photosynthesis, it rmght be 
assumed that positive results of non-illuminated cultures should be interpreted 
as resulting from the failure to eliminate this possible source of radiant energ}L 
Although it will not be denied that in some cases this factor may have been 
lesponsible for the observation of development, it is by no means true that 
growth in the dark is always caused by short-wave length, mfra-red rays. The 
explanation is again furnished by an examination of the general equation for 
photos}-nthesis. This can be paraphrased by stating that it represents a reaction 
in wliich an oxidizable substance, HjA, is dehydrogenated with carbon dioxide 
acting as the ultimate hydrogen acceptor. In this form the reaction differs 
from an ordinary oxidation only in the type of acceptor used. It might, there- 
fore, be expected that those purple bacteria which are not adversely affected by 
oxygen should be able to carry out the dehydrogenation of HjA also with ox}-gen 
as the final acceptor. And, because such oxidations are exergonic,* a supply of 
radiant energ}Mvould not be required for the process, in contrast to what holds 
for tlm reduction of carbon dioxide with the same substrate. Furthermore, 
since H:A is present in the form of an organic substance, and so many oxidative 

Exergonic is used in preference to exothermic; see Coryell (55). 
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ns, It would be entirely in keeping with our current knowled<re if the non 
sulfur purple bactena were to show the same beharior. Theoretically then the 
de^ elopment of those representatives of this group which can hVe in the presence 
of air should also be possible m the dark, but under aerobic conditions. 

Jus, again, has been amply confirmed by numerous culture experiments. The 
most convincing are those which demonstrate that one and the same strain 
inoculated into one and the same medium, grows in darkness only if the condi- 
tions are aerobic, but not in the absence of o.v3^gen. Such results effectively rule 
out the possibility that infra-red irradiation would have made development 
possible, for if this were the case, then growth would also have taken place in the 
anaerobic cultures. 

The situation can therefore be summarized as follows: All members of the 
non-sulfur purple bacteria can grow under strictly anaerobic conditions, but only 
when Troperl3'’ illuminated. Some representatives can also develop in darkness; 
this is, however, possible only under aerobic conditions, and hence becomes a 
property restricted to representatives which are not strict anaerobes. 

In the course of the studies on the Aihiorhodaceae several observations have 
been made wliich demonstrate that the beha\uor of indimdual strains toward 
oxygon docs not alwa3's constitute a fixed property. Especially cultures of 
purple spirilla show a remarkable degree of variabilit3' in this respect. It has 
frequently been found that a recently isolated culture of an organism, bearing a 
close resemblance to the well known Spirilltm ntbnm Esmarch, behaved lie 
an obiigator3'' anaerobe. There are, however, a number of more or less authentic 
strains of Esmarch’s organisms w’hich have been successfully maintained as pure 
cultures on slants, i.e., under aerobic conditions. The latter can consequently 
be gi'own in the dark, while the new isolates, in agreement with the previous 
remarks, must be cultured atiaerofaicall3q and thus develop only in the fight. 
Stab cultures of these strains in yeast agar give rise to growth only in the lower 
part of the agar column, the upper part (±2 cm) remaining devoid of growth 
unless the medium is covered with a seal immediately after inoculation. It may 
even occur that a stab culture does not develop at all unless it is sealed. After 
a number of transfers, particularly if made in fairls'' rapid succession, and using 
a heavy inocnlum, such strains appear to become less and less adversely affected 
by oxygen, and ultimately transfers to aerobic slants become possible. Admit- 
tedly, the organisms behave as “micro-aerophils,” but this is true also of the 
t3mical Spirillum ruhriim. Similar experiences with initiall3’ strictly anaerobic 
bacteria which could gradually become adapted to live in the presence of air have 
been reported by Pr 6 vot in his studies on anaerobic streptococci ( 56 ).^ 

Transitions of this kind have been observed with many other strains of non- 
sulfur purple bacteria. Nevertheless, it must not be inferred that it will mvan- 
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Afhiorhodaceae, quoted earlier in this chapter, can now readily be explained. 
Those cultures in which plant and animal remains are imdergoing decomposition 
under a deep layer of hquid must, of course, be considered as strictlj'’ anaerobic 
with the exception of a verj’’ shallow surface film. Since, in such experiments, 
the latter is alwaj's occupied by a dense growdh of aerobic microorganisms, the 
purple bacteria are unable to make their appearance mdess the cultures are 
exposed to fight where anaerobic development of the brown and red organisms 
becomes possible. 

I\Iore involved is an adequate interpretation of the results obtained by Schnei- 
der (22). As has been mentioned earlier, his experiments were conducted with 
impure cultures, containing a varietj’’ of non-photosjmthetic bacteria in addition 
to members of the Athiorhodaccae. Hence the composition of the medium and 
the conditions of incubation must have played a decisive role in determining 
which of the various microbes present in the tnocidum would develop. A more 
detailed analj'sis of his observations wifi be taken up in the next section. Also 
the effect of fight and air on the pigment production bj’’ the purple bacteria will 
be treated later. 

II. The nulrient requirem-cnts of the non-suJfur purple and brovm bacteria 

a. General coneideratione. It need not be argued that an exact study of the 
nutrient requirements of any microorganism can be carried out only with pure 
cultures. On the other hand, it is frequently possible to derive important infer- 
ences from observations with mixed cultures which may give clues concerning 
the problem of nutrition, and which it would be difficult to reach otherwise, 
except perhaps on the basis of a systematic investigation of such a scope that it 
requires more than ordinary facilities and courage to carry to completion. 

Such a situation is filustrated with remarkable clarity by our present knowledge 
of the nutritional physiology of the non-sulfur purple bacteria. When Mofisch 
achiev ed pure cultures of a number of representatives of this group (4), he carried 
out some experiments with a vdew to finding a medium in which they could be 
groum satisfactorilj'. Although the number of different media employed wns 
re atn elj large, their composition cannot be said to have covered a particularly 
VI e range. iSTor is it evident that in planning these media Mofisch was gmded 

J cor^derations of the conditions prev^afiing in the crude cultures where purple 
bactena abounded. 

Siimmanzing the results of experiments with two different pure cultures in 
me a prepared from river- or sea-water bj-- the addition of sucrose, dextrin, 
glycerol, ammonium tartrate, or peptone, or simple mixtures 
of these compounds, ^lofisch concluded: 

wasser if ^^fwicklung oder nur eine minimale findet statt in den Gef assen , die im Moldau- 
Gemisch ° Dextrin, Asparagin, Glyzerin, weinsaures .4nunoniak, Pepton Oder 

enthalten -'^P^ragin mit Dextrin, Asparagin mit Glyzerin und Dextrin mit Inulin 

von P^nf sich eine reichliclie Entwicklung in absteigender ReUie in den Gemischen 

£0 unniir^’ ^®Pf°®^'Dextrin imd Pepton-Inulin. Nirgends war die Vermehrung 

® 61 ®Ptoii-Glyzerin, es envies sich daher unter samtlichen in der Tabelle 
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Of the nut iiional physiology of the Aihiorhodaceae. The “peptoDe-glycerin 

ahh'ln'' subsequent ^'orkers, though occasion- 

alij It uas modified to some extent. As late as 1937, Nakamura (57, 58) used 

the old fomula; and Csurda and Adaresch (20), the only investigators who have 
recently attempted to study the nutrient requirements of the non-sulfur purple 
hactena m more detail, make the claim: 


"Filr cine erfolgreiche Fortzhchtung muBSte der Nahrboden unbedingt 1% Pepton eat- 
Hallcn , cmo F eststellung, die sick Mit der von Jfolisch, Schneider und Muller deckt. Phaeo- 
monas Nr. S3 bitdet insofem eine Ausnalunc, ais es, vie noch ausgeffihrt werden wird, nur 
auf Mmcralsalznfdirbddcn gedoiht. Bin Zusatz von 1% Glyzerin oder 1% Glucose bat sich 
bci den Kulturon unter vermindertem Oj-Druck zwar ala zvreofanassig enriesen, jedoch 
koine nuffallende Stcigerung der Vennebrungsintensitat oder des Ertragea herbeigefuhrt" 
(p. 1071. 


Obviously the comple-xity of such media, which may serve an excellent purpose 
in maintaining pure cultures, or in growing large quantities of the organisms, does 
not lend itself to a ready interpretation of the nutritional physiology of the 
organisms. Further remarks in the publication of Czurda and Maresch certainly 
do not ameliorate the situation. Some of their experiments, particularly with 
media containing peptone or yeast extract to which the sodium salts of various 
organic acids had been added, yielded results which apparently were not in 
agreement with those obtained by Gaffron (1, 5). Since the last-mentioned 
investigator had not used pure cultures, Czurda and Maresch, evidently unaware 
of the fundamental significance of Gaffron’s e.\'periments for which pure cultures 
were not required, concluded: 


"Diese Fcstellungon logon neuerdings die Vemiutung nabe, dass die Ergebnisse von 
Vorsuchen mit unreinen Zellgemischen dutch die Mitwirkung der anderen Bakterien getrubt 
werden” (20, p. 108). Indeed, the impression gained from the existing literature leads to 
tlie conviction that the published reports on the nutrient requirements of the Atbiorho- 
daceao arc inadequate to lay a satisfactoiy foundation for a better understanding of the 
problem, a conviction which is emphaticaliy supported by the following statement: “Bs 
Iwt siob spiitcr gezeigt, dass das Problem der Kultur der Atkiorhodobaklerien nicht nut 
Hilfo cincr bestimraten Niihrstoffnuschung gelost werden kann" (20, p. 108). 


So pessimistic an outlook is hardly justified by the facts. On the one hand it 
is a simple matter, as has been pointed out before, to grow the members of tto 
group in complex media, of tvluch I have found yeast autolysate the most satis- 
factory. On the other hand, a consideration of the conditions under which these 
organisms develop in crude cultures helps greatly in formulating a working 
livnothcsis concerning their more e-xact nutrient requirements. . , 

In treourso o! some eorly experiments trith non-suHnr purple b.e e„» I W 
obLvri ttat in sogar-contpimng me& th«e ergn^ms nppeared t« develop 
much better if lactic acid bacteria were simultaneously present (3, p. 102). 
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Subsequently it was established that salts of various organic acids can be used 
readU}^ by members of the Thiorhodaccac. Muller (7) then succeeded in demon- 
strating that this utilization is due to the occurrence of a photosynthetic process 
in which the hydrogen-donor function (H;A in the equation previously given) is 
fulfilled by the organic substance. In the meantime Gaffron, using the mano- 
metric technique, had shown that Alhiorhodaccac can carrj’' out a photosjmthetic 
reaction in the presence of various fatty acids. ((1) ; Gaffron did not publish his 
results until 1933, but he had alreadj- presented them at a meeting of the A. A. 
A. S. in Pasadena in 1931.) It was thus evident that, at least in the presence of 
organic substances, the fundamental metabolic actmties of the two groups of 
purple bacteria are ver}' similar. 

Let us now turn our attention to the processes occurring in a satisfactory 
emichment culture for these organisms, prepared according to the methods of 
Molisch, Buder, and others. At the outset, the organic matter is deposited on 
the bottom of the container, there to undergo a gradual decomposition. Except 
for the surface layer, the concUtions in the culture vessel wall very soon be 
anaerobic. We may, therefore, confine ourselves to a consideration of the anae- 
robic degradation of the substrate. The numerous experiments on such decom- 
position processes of complex organic materials leave no doubt as to the nature 
of the chief decomposition products. One may safely claim that they "ivill 
consist of (a) gases, mainly carbon dioxide, hydrogen, and methane; (b) dissolved 
inorgamc substances, among which hydrogen sulfide and ammonia are pre- 
dominant; and (c) organic compounds, mostly belonging to the groups of simple 
alcohols, fatty acids, hydroxj*- and dibasic acids, and amines. It is, of course, 
quite possible that also other groups of substances, including more complex 
ones, may temporarily accumulate to some extent. But their presence will be 
transitorj’’. 

Aie the purple bacteria involved in these primarj’’ decomposition processes? 
At first the answer to this question would seem to be undeniably affirmative for 
the simple reason that they always develop in such cultures. But on second 
thought this becomes very doubtful. There are three important obseiwmtions 
that clearly do not conform with this \iew. The first one is concerned ^vith the 
time at which the purple bacteria appear in macroscopicaUy 'visible numbers. 
In the experiments of Molisch, Buder, and others, in short, before continuous 
illumination was used for securing enrichment cultures of purple bacteria, these 
orgamsms usually were found, in sufficient numbers to color the liquid, only after 
one to two weeks. ISTow it is a well-known fact that the decomposition of the 
plant and animal remains sets in considerably earlier, and in the course of a 
tew days has already reached an appreciable extent. Hence the fact that the 
purple bacteria are not immediately found indicates strongly that they are not 

ncern.,d in the primarj' decomposition of the complex materials. This is 
supporte bj' the distributions of the red organisms in the vessels. They do 
th close contact with the organic matter originally introduced, but in 

ti ^ ^bove, sometimes coloring the entire contents of the container up to 
• ur ace. In the earlj' stages one frequentlj’' finds them as delicate clouds, 
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several centimeters above the deposit on the bottom cjinno r * 1 , 
mended materials for securing enricluncat cultures of purple bacte4 are Su- 
J c m water, this observation leads directly to the conclusion that these org'^dsms 
idrn^ T substances in solution, rather than bv decomposmg the 

I ai subdrate And thirdly, microscopic examination of such cultures shows 
that icjiresentatives of the Thiorhodaceae generally develop side by side nith 
membem of ihc Alhorhodaceae. The appearance of the former, stuffed with 
sulfur globules shows convincingly that they, at least, are growing at the ex-pense 
of hydrogen sulfide. For tliis group, then, it must be admitted that its develop- 
rnent constitutes a secondary flora and that its appearance is made possible by 
the occurrence of decomposition processes which give rise to the formation of 
hydrogen sulfide, a thesis which was eloquently defended bv Wino"TadsIa- flO) 
as early as 1887! 

The above considerations make it seem inevitable to deduce that also the non- 
sulfur purple bacteria occur in the enrichment cultures as a secondary flora, 
depending for their growth on the production of simple breakdown products 
formed by a primar}-, and varied, microflora from the raw material used. In 
this connection the cx-periments of Gaffron, demonstrating the rapid utilization 
of a large number of fatty acids by Alhiorhodaccae, gain an added significance 
because this class of substances would imdoubtedly constitute an important 
fraction of the primary decomposition products. In particular must this be 
true in decomposing oils and fats where Seliber (65) and Pigulewski and Charik 
(CG) had found purple bacteria growing in profusion. The development of the 
non-sulfur purple bacteria in the enrichment cultures could thus be ascribed to 
tlio gradual accumulation of various primary decomposition products, simple in 
nature, vvliich would be utilized extremely efficiently by the photosvmthetic 
mechanism prevdously described. It should then be possible to culture these 
organisms in media of a ver 3 ' simple composition, analogous to those used for 
growing the purple sulfur bacteria, but containing organic substances instead of 
.sulfide. 

Various attempts have been made in the course of the past sev'eral j-ears to 
verify this. Although it has thus far been impossible to secure satisfactory 
development with any one of the numerous strains except in the presence of 
complex substances, such as peptone or yeast extract, this does not imply that 
the large quantities of these substances, used since Molisch’s studies, are required. 
Under proper conditions surprisingly small amounts suSice. 

Prior to 1935 it was generally believed that a bacterium, unable to develop in a medium 
containing an ammonium suit as the only nitrogen source, but which would grow P>-o^ely 
in Jmdia with peptone or meat extract, thereby demonstrated that the orgamsm could not 
svnlhesL thc^-arious amino acids which are part of its protein structures. Since the 
of KoiEht ,t of,. .1.. W. H. 

m«nj- olho», it h» 1>»“” ‘fXS.T.nS biSf «'»- 

such fastidious organisms as e pr proteinaceous components from this 

gen to a large extent for synthesizing “ r with the demo; 


uZu” wSl“ra»ll> facton mJM by »«ai otsanUnu. aio 


b..U.»iy.a.ab«,.. ^ 
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particular amino acid or with the prosthetic groups of various enzymes has given rise to the 
idea that, in microbes ns in the metazoa, special growth factors or -v-itamins fulfill the same 
function, f.c. that of supplying essential constituents which the organism in question cannot 
itself manufacture from ammonium salts in the presence of an otherwise suitable substrate. 
If this special constituent contains nitrogen, it may still be maintained that the organism 
requires “complex nitrogen compounds”; but the meaning of tliis statement has lately 
undergone a considerable change. 

These recent developments in our understanding of the complex nutrient requirements of 
microorganisms make it readilj' conceivable that yeast extract and similar materials con- 
tribute one or more growth factors which the Alhiorhodaceac are unable to synthesize them- 
selves. It is easy to understand that such compounds would regularly be present in the 
natural environment of the organisms, which always live together with a host of non- 
photosyntbetic bacteria of different types and nutrient requirements. Hence, even if the 
raw material undergoing decomposition through the activities of the primary flora does not 
contain the specific factors required by the purple bacteria, it is safe to assume that the 
accompanying microflora will synthesize them. It is, therefore, possible that the Athiorlw- 
daccae, limited in their natural distribution to localities where growth factors always occur, 
have lost the property to synthesize one or more of them. 

A comparison with the nutrition of the Thiorhodaceae is of interest in this connection. 
^ he few members of that group which have so far been studied in pure culture do not appear 
to require any such growth factors. But it must also be remembered that the natural 
habitat of these bacteria is not restricted to muds and similar places where anaerobic decom- 
position processes go on, liberating the hydrogen sulfide necessary for growth of the sulfur 
bacteria. They also occur in sulfur spring waters, and in tliis environment they are not 
likely to encounter a supply of organic growth factors. These ecological reflections are, 
of course, adapted from the ideas so ingeniously propounded by Lwoff (60, 61), as early as 
1936, in connection with the parasitic nature of certain bacteria. 

The reason for this excursion into the realm of gi’ot^tli factors is that the 
available e'sudence rather strongl}’’ supports the belief that the yeast extract, ete., 
found to be necessarj’’ in order to secure development of the Athiorhodaceae, 
serves mainly as a source of one or more such substances. Firstly, it has been 
demonstrated that the quantity of yeast extract needed for fuU development is 
'^ry small indeed. Furthermore, several experiments have proved that vdth 
low concentrations of yeast extract a maximum development is shoum only by 
cultures in media which contain ammonia-nitrogen as well. These will be dis- 
cussed presentlj''; let us first retum to the problem of the general nutritional 

requirements. 

Carbon requirements. In media prepared with the standard inorgamc salts, 
including a sufiicient suppl 3 ’’ of carbon dioxide in the form of sodium bicarbonate, 
and varjdng quantities of j'east extract, the development of the non-sulfur purple 

ecteria is, as would be expected, very nearlj" proportional to the amount of 
yeast extract as long as this is used in low concentration. If the complex organic 
substrate is not in excess of 1 ml hquid yeast autoh'sate per hter of inorgamc 
ruedium, the growth is practicallj’" neghgible. But if to such a culture solution 
uuj one of a number of simple organic substances is added, the Athiorhodaceae 
uevelop profusely. This, then, demonstrates conclusively that such substances 
used bj' these organisms as the main nutrients, 
thousands of cultures of this kind have been set up and examined during the 
past several years. The results have made possible an interpretation which is 
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in full agreement with tbo previous tlieoreticai deductions. Furthennore if 
iias become clear why different investigators, using different mptlmri r It, 
study of physiological problems of the non-sulfur purple and brmra bacLl\ 
have reported such widely divergent conclu.sions. ’ 

In general, it can be stated that the various strains belonging to this group can 
u ihze a considerable number of simple organic compounds. In complete 
agreement with Gaffron’s manometric experiments mth cell suspensions it has 
been demonstrated that fatty acids represent excellent substrates for growth of 
the organisms. This, liowever, appears conclusively only from such experiments 
in winch the culture medium does not contain a large enough amount of peptone 
or yc!L<!t extract to insult in dense growth in the absence of a fatty acid salt. 

Under such conditions the growth is rigorously proportional to the amount 
of organic acid prc,=^ent in the medium, as long as the latter is added in small 
amounts. Table 3 summarizes the results of one representative e.xperiment in 
which a mineral medium, containing I ml per liter of liquid j-east autolysate was 
u.sed with increasing amounts of sodium acetate. These data show not only the 
strict proportionality hotween axmilable acetate and cel! jield, but they permit 


TABLE 3 


Cell tiicld of puTjtlc bacteria grown in the presence of eodium acetate* 


ACETATE CONC. (PE» CENT) 

0 

o.os 

0.10 ! 

1 0.20 

0.30 

p\ cells per 10 ml 

<0.5 

9 

18 

35 

56 


* Medium contained 2 ml per liter yeast autolysate; see below. 


some further computations which reveal important features of the groirih of 
purple bacteria in sucii media. 

The cell yield was determined by centrifugation for 1 hour; the cells were 
tiglitiy packed. Tlic dry weight of the sediment is appro.ximately 20%, and 
from previous cliemical determinations it is knoum that the dry ceil material 
contains 55-50% C and 11-12% N (16). Disregarding the very small amount 
of organic material contributed by the 0.1% yeast autolysate, which itself does 
not allow measurable growth in the absence of acetate, the figures of table 3 can 
then be converted so as to show bow much of the carbon, available as acetete, 
lias been converted into ceil material (table 4). From the fact that these 
approximate calculations show that the convei-sion of acetate-carbon into cell 
material proceeds mth an efficiency of about 70% we must now also conclude 
that the acetate is used in grouing cultures of Allnorhodaceae in 
manner as in anaerobic, illuminated cultures of Thiorhodaceae. For the latter 
nreanisms Muller (7) determined by direct cheimcal measurements a conversion 

into assimilatory products. 
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Tliis magnitude of the efficiency is, of course, possible only on account of the 
photosj-nthetic nature of the metabolic process. Considering that the primary 
assimilatory product must subsequently be converted into the multitude of cell 
constituents, it is imderstandable that during the secondary convei-sions losses, 
mainly if not exclusively in the form of carbon dioxide, occur. 

If one continues to increase the acetate concentration above 0.3% the gi-owth 
of purple bacteria soon ceases to increase in direct proportion to the amount of 
substrate. It seems that this is due to the fact that a maximum population is 
reached vliich cannot, under ordinaiy circumstances, be surpassed. Here again, 
a surprisingly close agi'eement is revealed between Gaffron’s experimental results 
and my oto. Using yeast extract media, corresponding in my experience to 
about 10% by volume of yeast autolysate, enriched with sodium citrate and 
potassiimi butyrate, and an inoculum of an impure culture of purple bacteria, 
Gaffron reports a jneld of about 1 gram dry bacteria per liter (1). The same 
amoimts of cell material were obtained with pure cultures of Spinlbnn riibnim 
in yeast extract-glycerin media (G2), and, later, with various strains of Atlnorho- 
daccac in a mineral medium with yeast autolysate and sodium malate (unpubl.). 


TABLE 4 


Relationship of carbon in cell material and in medium 


coxc. or NaCiLO;, per cent 

0.03 

0.10 

0.20 

0.30 

Cell material from 10 ml 
c. mg drj- weight.. 

l.S 

3.6 

7.0 

11.2 

b. mg carbon. 

1.0 

2.0 

3.9 

6.25 

Acetate a%ailable in 10 ml as mg carbon 

1.44 

2.9 

5.8 

S.7 

ver cent conversion 

70 

69 

1 

72 


Fiom these data one may infer that the jdeld of 56 p\. of cells per 10 ml of mediumi 
0 amed in the nbove-discussed experiments with 0.3% acetate, approaches quite 
Closely the maximum jields obtained with ivhat at first sight would seem to be 

more satisfactory media. 

xnese results also explain whv Czurda and ^laresch (20) failed to obseiwe 
purple bacteria upon the addition of fatty acids to their medium, 
pvtro f ®^unisms can develop to the maximum extent in ordinar} jeast 
! ''' u-ithout any further additions. Hence it is clear 

used ’"-hich such concentrated solutions of complex materials are 

added ^ expected to jield information concerning the nutrition^ 'r a ue o 

Czurda o-nA remains possible that even in the experimen ;= o 

of the npnf ucids were utilized by the bacteria, leading more 

onlv on^hp*ir untouched. But this could have been decide 

■\Vhat ha^ ° chemical determinations at the end of the incubation pen . 
in the pri J ^ouceming the growth of the ^^^^orJwdaceae 

'rith othe^ fatt ^PP^ud, .vith a few provisions, to development 

unv ZZluI ^ HmLe , two factors must be home - mmd m 

• to extrapolate the results of the acetate cultures. The first is that 
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the Jiigiicr fatty acids are toxic in relatively low concentrations 
»»=.ty ,s pnm.ri y d„c „„di^ci.ted aoM ..„fec.ie “"t 

cc ;r„“ 0 b'fr ;””,5 f 

acetme o u..i U.57o can be tolerated by the bacteria in a neutral medium a 
w c„na„tr.,ti„„ „r the higher fetl, aci* must be nsedt oTto 
to msnre growth. For some strains even 0.05% of the valeric acids and higher 

This toxic effect of the higher fatty acids must be held responsible for some 
anomalies m Nakamura’s publication (57). From his e.xperiments on photo- 
sj ntlicsis b}' Rhodobaalhis pabistns in the presence of various fatty acids it would 
appear that n-caproic acid and the higher homologs cannot be utilized. The 
same results were obtained in respiration expeiiments vith the Thunberg 
technique. In the fonner series the final substrate concentration in the suspen- 
sion was hI/120; in the latter it appears to have been as high as M/40. Gaffron, 
using final concentrations of M/400, had found that substrates which \rere 
ineffective in Nakamura’s e.xperiments, were readily metabolized (1). 

The above-mentioned results were secured in e,\'periments ufth dense sus- 
pensions of non-proliferating bacteria. But also in culture experiments, it has 
been esfablishod that growth of man}', if not all, members of the AtUorhodaceac 
is possible in media with hept 3 dic, eapr}dic, and pelargonic acids, prorided these 
substances are used in concentrations of not over 0.03% (M/500-M/1000). 
Higher members of the fatty acid series were not investigated because of their 
relative insolubility. Prom Gaffron’s results one might expect groudh to occur 
also in their presence, at least up to stearic acid. 

A priori one might expect that the toxicity of a fatty acid can be represented 
as a simple function of its concentration and the pH of the medium. Some 
culture experiments, designed to establish this relationship for a number of fatty 
acids on a quantitative basis have been conducted. But the results cannot yet 
lay claim to the required accuracy for making them significant. Tins is in part 
due to the fact that, as soon as metabolism starts, the alkalinity of the culture 
solution increases as a result of the amultaneous assimilation of carbon dioxide 
and the practically complete conversion of the anion or acid molecule into cell 
substance wth the cations remaining in solution. Thus a rise of one pH unit, 
even in media containing 0.3% (M/30) phosphate buffer, is of common occur- 
rence if the initial pH is below 6.8. Added to tins is the difficulty that media 
on the acid side of neutrality in glass-stoppered bottles tend to lose carbon 
dioxide. These difficulties can, of course, be overcome by such devices as con- 
stant equilibration uith gas mixtures containing the requisite amount of carbon 
dioxide^ with such refined methods the experiments have, ho^veb 'j®®" 

carried out. The preliminary results obtained so far corroborate 
Uiat riio lower the pH, the lower is also the total fatty acid ®o“®“n uh ch 
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noa-sulfur purple bacteria can grow satisfactorily in media at pll G.O, i.c. far 
below that wliich in combination with low concentrations of fatty acids’ inhibits 
development. 

_ Porponih experiments with higher fatty acids one is thus compelled to use 
increa^gly low substrate concentrations for the higher homologs. Ordinarily 
dus might imply a decrc.asc in cell yield to such an c.xtcnt that it would become 
cliftcult to evaluate the dilTcrcncc in growth in the media with and \rithout added 
Ho'\e\er, the mctaliolism of the jiurplc Iiacteria in the presence of 
ug er atty acids results not only in a complete conversion of the organic sub- 
s rate into cell substance, but is accompanied by the actual a.ssimilation of carbon 
loxacie as shoira by the e.xpcrimcnt.s of GafTron and others (1, 5, 7, 16). The 
faff uptake is proportional to the length of the carbon chain of the 

This every additional CII; group about 0.4 mol of COj is fixed, 

small yield of liactcrial cells can be obtained with far 
er concentrations of flic higher fatty acids than with acetate. Again, the 


TABLE 5 

^ ^ation be tween yield of cell material and fatty acid Vised as substrate 


^atty aqd 



Formic acid 
Acetic acid , . . 
Propionic acid 
PutjTic acid 
Valeric acid . 
Caproic acid.. 
Heptylic acid. 
C^iprylic acid 
^elargonic acid 


MOL. WT. or 
Na*SALT 

«C CASDON* 
rrj? 

IttLUUOL 

COr-UTTAEE m KILmSOl 

! UG CAZBOS TS 
CELL MATERIAL 

rsou i CM 

SUBFTZATE 

milliir.ol 

mg Carbon 

GS 

12 

-O.G 


75 

S2 

24 

-0.2 

-2.4 

230 

OG 

3G 

0.3 

3.6 

350 

110 

4S 

0.G5 

7.S 

435 

124 

GO 

1.0 

12.0 

500 

. 13S 

72 

1.4 

16.8 

550 

152 

S4 

1.7 

20.4 

600 

IGO 

9G 

2.0 

24.0 

635 

ISO 1 

i 

lOS 

2.4 

2S.S 

665 
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r/iO(/occoc. Thesa metabolism of cell suspensions of Athto 

The average cell been fulh' confirmed lyv growth experiment 

in table 5 


average cell ^ielri ■ fulh' confirmed „ . 

^ble 5. It sodium salt of various fattr* acids is presemed 

pelargonic acid is ai^ amount of cell material obtainable with, e.g., 

substrate. The latt^^^^i times as large as with acetic acid per gram o 
tiations of about pirate x-ields a maximum crop when used in concen- 

mediuiu. Since as m/r to around 55-60 of cells per 10 ml of 

*ng only 0.05% sodiiiTvf bacteria raa}’’ be produced in media contam 

nining verj' small am ^ t ^^’Sonate, an evaluation of the growth in me a con 
■-eids no dilficulties ^ higher fattj- acids as the chief substrate pre 
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ridunent cultures of 
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logicBlJy be expected to serve as the substrates for the puipfe bacteria The 

tions for tlus one group of substances. But the same holds true for a varietv 
0 0 icr organic compounds which nomaliy occur as products of the anaerobic 

lenlf tf ™s has been shoum by using the same 

gcneial technique as was employed mth the fatty acids, vtz., the inoculation 
of a mineral medium containing a small amount of yeast autolysate as a source 
0 growl Ji factors, and various simple carbon compounds as the chief substrate 
vith pure cultures of non-sulphur purple bacteria. Since grouTh at the expense 
of the yeast autotysate alone is negligible, the availability of the organic com- 
pounds tested can be judged bj-- comparing the development of the strains in the 
dilTcrcnt media. In this manner it lias been found that also various unsaturated 
acids, liydroxy acids, dibasic acids, etc., as well as a number of amino acids can 
be used instead of fatty acids. 

Of particular interest are the results obtained mth noa-acidic compounds. 
GalTron had concluded from his manometric experiments that only substances 
witii a carboxyl group can be used as assimilation substrates by the Alhiorhoda- 
ccac. lie wrote in 1935 ; “Das Vorhandensein einer Carboxylgruppe ist Grund- 
liedingung clafiir, dass cin Korper als Substrat der Assimilation dienen kann” 
(5, p. 308). Since, however, alcohols undoubtedly occur among the primary 
decomposition products of the complex materials used in enrichment cultures, 
the previous ecological considerations would lead one to expect that these simple 
'substances could be used at least by some of the non-sulfur purple bacteria. 
And this all the more because many microorganisms, capable of growing at the 
expense of fatty acids, are knonm to be endowed with the ability to use the 
corresponding alcohols as well. 

Foster (6) was the first to clarify the situation. He showed, both by growth 
experiments and by manometric measurements, that certain strains of Aihiorho- 
(laccae are indeed able to utilize several simple alcohols, both primary and 
sccondarjx Tlie former are usually converted entirely into cell material, whereas 
the latter arc oxidized to the corresponding ketones noth a concomitant reduc- 
tion of carbon dioxide. His experiments also indicated the reasons for Galfron’s 
failure to observe the utilization of alcohols by the purple bacteria, the rate of 
alcohol oxidation being considerably lower than that of the decomposition of 
fatty acids, even under the best conditions. Furthermore, the latter are realized 
onlv when cells are used which have been grown vdth alcohols as the chief organic 
compounds of the medium. Foster found that cells from cultures m the more 
common, alcohol-free media will not metabolize alcohols at a measurable rate 
0 ^ 00 ^ a ter a prolonged period of “adaptation,” a process which requires meuba- 
Jim .t tl,0 orgmii to the presence of nlcohol for many houns. (Personal 
' ntinn'l Consenuently it is evident why Gaffron, nsmg concentrated 
iia tor groyang the bachrria, and ™e« their nrefabohsm 

Lr short periods of time ""X^^mTalso polyvalent alcohol, 
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sentatives of the Athiorhodaceae. But it should be emphasized that not all 
members of this group have the same physiological characteristics. "While a 
more systematic survey of the results obtained wiU be presented frnther on, it 
may here be pointed out that there exist definite correlations in this respect 
between the morphological features of the various representatives and their 
ability to grow in the presence of special organic compounds. A few examples 
may serve to illustrate this point. 

It may be recalled that the experiments of IMolisch had indicated that glycerol 
and certain carbohj’-drates should be considered as the best substrates for the 
non-sulfur purple bacteria in the presence of peptone. A complete survey of 
the nutritional requirements of the large number of pure cultrues has cominced 
me that this is not the case. Although there are t 5 'pes which can utilize these 
substances in the mineral medium with 0.1% yeast extract, man 3 ' strains fail to 
grow in the presence of glj'cerol, and a large number appear unable to use carbo- 
hydrates. StiU fewer develop in media in which mannitol or sorbitol are the 
major carbon sources. 

Most surprising, especially in A-iew of the previouslj" reported results obtained 
by other investigators with dextrin and inulin, was the obsenmtion that the 
numerous strains which correspond closelj' to hlolisch’s description of Rhodo- 
bacillus palustris appear imable to use the simple hexoses, glucose, mannose, and 
fructose. It must, however, be realized that the polj-saccharides recommended 
by Molisch are usuallj’ ver}^ far from chemicaUj' pm-e. It is, therefore, logical 
to believe that the satisfactory* growth resulting from the use of the latter sub- 
stances must be ascribed to the presence of impurities. 

This conclusion is supported by two independent facts. Firstly, Nakamura 
(57) found that of seven carbohj'drates, tested as substrates for Rhodobadllus 
palustris, only dextrin appeared to be used. At present there is less reason than 
ever to believe that polysaccharides can be used without imdergoing a pre- 
liminary depolymierisation; the putative experimental support for the opposite 
contention has, in each case that has been carefully examined, been shown to 
rest on a misinterpretation or faulty technique.- Nakamura's, as well as 
hlolisch’s results strongly’- indicate, therefore, that the impurities in the de.xtrin 
used caused the obsen*ed effects. 

The second line of e^*idence for this interpretation is furnished by the results 
obtained with two different fructose preparations. With the first I invariably* 
obser\*ed good growth of all strains of purple bacteria, while several of them 
failed to develop in the corresponding glucose media. A second, better grade 
batch of fructose, as also the product obtained from the first by repeated recrys- 
tallization, yielded negative results wherever glucose did. These experiments 
demonstrate conclusively* that impurities in commercial carbohy*drate prepara- 
tions do occasionally* cause anomalous results. 

In connection with the established inability* of Rhodobadllus palustris to utilize 
sugars special mention must be made of Schneider’s claim (22) that this organism 
does not grow in peptone-glucose media. From my* own experiments it has 

= See especially Kluyver and Custers (63), and Stanier (6i). 
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appeared that development occurs in peptone solutions without sugar and 
furtliermore, I had never noticed an inhibitory effect of ducL Tn r!f r’ 
BuUh^‘T the experiments vdth Schneider’s isolates confirmed h/s Ss’ 
ho interpretation is not that glucose itself is toxic to some strains of Rhodn- 
haallus pahisins. The cultures, kindly furnished by Dr. Schneider were con- 
aminnted mth lactic acid bacteria, and the rapid development of these organisms 
n sugar-coritaming media caused an increase in acidity sufficient to prevent the 
grow th of the purple bacteria. Also the production of acid in glyceiin media 
reported by Schneider, is not due to the metabolic activities of RhodohadUm 
paluslns, but to contaminating microorganisms. 

Having thus disposed of the conflicting reports on the effects of sugars on the 
non-sulfur piiiple bacteria, it may be concluded that these substances can be 
used to differentiate between various representatives of the group. But not 
only the carbolo'dratcs and related substances are valuable for this purpose; 
equally characteristic differences in the behavior of the various strains are 
exhibited with respect to other substrates, such as propionate, tartrate, citrate, 
certain amino acids, and alcohols. Other compounds, especially succmic and 
glutaric acids, although utilizable b3’' all strains, 306^ onB-^ meager cultures in 
some cases, shaiply contrasted m’th the profuse development of other strains 
in the same mcdiimi. The on]3' substrates ivhich appear to be equally satisfac- 
tor3’ for all strains arc acetate, but3Tate, crotonate, lactate, malate, and a few 
others. 

These results necessitate a complete re\dsion of the prevalent ideas concerning 
the carbon nutrition of the Atlmrhodaccae. At the same time the3’' can and will 
be used for a more complete characterization of the different species of this group, 
and ultimately, have served the purpose of devising enrichment culture methods 
for several of the species that can be recognized at present. 

c. Nitrogen requirements; growth factors; minerals. Since the foregoing e.xperi- 
ments were made possible only after it was found that a low concentration of 
yeast autolysate could be substituted for the commonly used 1 % peptone or 3^east 
extract media, a brief discussion of the effect of different concentrations of the 
latter material on the development of the purple bacteria is in order. The 
experiments carried out in connection with the problem have been conducted 
mostly with media in wliich acetate was used as the chief substrate. Occasion- 
ally, however, they have been repeated with different compounds, and, because 
the results have ahva)"S been in complete agreement with those of the former 
scries they need not be dealt ndth separately. I believe that it is safe to assume 
that more extensive future investigations will not materially change the funda- 
mental aspects of the nutrient requirements which have been developed with the 

aid of acetate cultures. 

\« UR, I'll the ccnernl results will bo illustrated by a representative 

To a sterile mineral medium, ’^‘'^ed^^^mounts 

and 0.2 R MgCh per liter f ded p,es;ure. so that the final 

.ions, the latter stcrilh^l by fil ratmn through Sedz H 7.0 

poncoiitrationa were 0.00a% .‘•-i, on ml of a M/1.5 phosphate buffer (pH 7.0) nere 

iSrS Sr: wasL^a i^th va^ag amounts of 
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sterile yeast autolysate and sodium acetate, inoculated with a pure culture of a Rhodo- 
spirilhun strain, and dispensed aseptically into sterile, glass-stoppered bottles, the latter 
being completely filled and stoppered. The cultures were incubated in a light cabinet 

TABLE 6 


Development of Rhodospirillum sp. in the presence of different amounts of yeast autolysate and 

sodiu/n acetate 


EXPT. KO. 

YEAST AUTOLYSATE 

IIL PER LITER 

SODIUII ACETATE 

G PER LITER 

CELL VOLUlIE IN }iL 

PER 10 ilL 

1 

0 

0 

0 

2 

0.1 

0 

0 

3 

0.2 

0 

0 

4 

0.5 

0 

0 

5 

1.0 

0 

0.5 

6 

2.0 

0 

0.5 

7 

3.0 

0 

0.5 

8 

0 

0.5 

0 

9 

0.1 

0.5 

4 

10 

0.2 

0.5 

6 

11 

0.5 

0.5 

S 

12 

1.0 

0.5 

9 

13 

2.0 

j 0.5 

8 

14 

3.0 

0.5 

9 

15 

0 

1.0 

0 

16 

0.1 

1.0 

7 

17 

0.2 

1.0 

16 

IS 

0.5 

1.0 

17 

19 

1.0 

1.0 

18 

20 

2.0 

1.0 

18 

21 

3.0 

1.0 

19 

22 

0 

2.0 

0 

23 

0.1 

2.0 

10 

24 

0.2 

2.0 

20 

25 

0.5 

2.0 

33 

26 

1.0 

2.0 

36 

27 

2.0 

2.0 

35 

2S 

3.0 

2.0 

39 

29 

0 

3.0 

0 

30 

0.1 

3.0 

10 

31 

0.2 

3.0 

21 

32 

0.5 

3.0 

* 

33 

1.0 

3.0 

57 

34 

2.0 

3.0 

56 

35 

3.0 

3.0 

58 


* Not determined. 


with constant illumination at a temperature of 30'C. .After they had reached full develop- 
ment, the contents of the bottles were thoroughly mixed, and aliquots centrifuged for the 
determination of the tot.al cell volume. The results are presented in table 6. 
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Flo. 17. Relation between cell yield and yeast o.xtract concentration in cultures of 
niwdospirillum rubntm, Strain No. 6. in b.isal medium with Na-acetate. 

Curve A-{).05% acetate; Curve B-0.10% acetate; Curve C— 0.20% acetate; Curve D— 
0.30% nectatc. 


course, the medium contains enough acetate. With 1 ml or more yeast autol- 
ysate per liter the growth appears to be limited by the acetate. 

About the nature of the special material which is supplied the yeast e.xtract 
not much can j’ct be said. It is, however, certain that the autob^sate does not 
supply the bacteria with more than a small fraction of their nitrogen require- 
ments. This follows from the simple computation of the total quantity of 
present fa tire ye.sl extoet mi fa the baelerin n. demly popula ed 
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as large as 5.5 ml, representing a clr 3 ’- weight of approximatelj' 1 gram, with 110- 
120 mg organic nitrogen. Even if aU the nitrogen of the j'east extract were 
ntihzable by the bacteria for conversion into cell materials, the total supplj' 
would be not more than one tenth of the amount required. It is, therefore, 
necessary to conclude that the ammonium salts in the medium are used as the 
main nitrogen source. 

This has been fm-ther supported bj-- experiments in which a standard medium 
with 1 ml of 3 '^east autolj^sate per hter and 0.2-0.3% acetate was used, containing 
varjdng amounts of (XH 4 ) 2 S 04 . Thej' have shoAvn that the last-mentioned 
substance, if present in verj' low concentrations, can become a limiting factor 
for gi-owth. Above 0.03% (NH 4 ) 2 S 04 no effect is observable; at lower concen- 
trations the development of the bacteria remains below the possible maximum in 
proportion to the amount of (XH 4 ) 2 S 04 supplied. 

So far I have not carried out more than a few preliminarj' experiments in an attempt to 
identify the substance or substances in tbe yeast extract which are necessary for growth 
of the Athiorhodaccae. The data are not yet interpretable in terms of distinct chemical 
entities. It is, nevertheless, clear from the experimental results that different members 
of this group of organisms appear to have different requirements. Generally, growth is 
possible with as little as 1 ml of yeast autolysate per liter in the presence of a suitable, nitro- 
gen-free organic substrate. But a number of strains show a vastly increased rate of devel- 
opment, as well as greater final yields of organisms with considerably higher concentrations. 

An interesting effect pertaining to the mineral nutrition of the organisms mat' 
also be mentioned at this point. The medium usuaUj’ emploj’’ed contains onl}' 
the elements H, 0, C, N, P, S, K, Na, and Mg in appreciable quantities. Special 
precautions for avoiding the presence of other elements were never taken, and 
in view of the necessaiy addition of j'east e.xtract it is reasonable to assmne that 
manj' more elements were, indeed, present, and in sufficient quantities to meet 
the requirements. One of these plaj's an important role at least in the nutrition 
of the purple spirilla. 

During his investigations on the oxidation of alcohols by members of the 
Aihwrhodaceae, Foster made the observation that Rhodospirillum strains often 
develop as a flocculent precipitate instead of producing the more tj'pical homog- 
eneous, deep-red cultures. This abnoimal mode of growth he traced to a lack of 
sufficient calcium in the medium; the addition of 0.01% CaCh sufficed to prevent 
the formation of the tangled masses of sprilla which constitute the precipitate. 
(Personal communication.) Such a relativelj' high calcium concentration does 
not, however, influence the amoimt of growth, the latter being essential!}' the 
same with and without added calcium salt. It is thus likelj' that its peculiar 
effect must be attributed to special ionic interrelations or balances, determining 
the behartor of surfaces (See, in this connection, Heilbrunn, (67)). 

^Vs long as the chemical nature of the essential substances supplied bx' the 
3 ’east extract is not known, it is clearh' impossible to stud}' effectively the exact 
mineral requirements of the Athiorhodaccae, and the possible role of “trace 
elements” in their nutrition. -Vlthough the bacteria generally do not lend them- 
selves particularly well to an ex-perimental approach to this problem, the abun- 
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iinl-, f ^ mineral nutrition once it becomes possible to add the as vet 
unKnon n factors in a chemically pure form. ^ 

(I Inorganic substances us substrates for photosynthesis and growth of the non- 
sufur purple baclcna. The foregoing sections have shmvn that a large variety 
of simp c organic compounds can be used by the representatives of the non-sulfur 
purple bacteria for photosynthesis as well as for grmrth. But those are not the 
only possible substrates for organisms of this group. 

In 1933 Gaffron published the important observation that his (impure) cultures 
of Ifhodobacillus could also bring about an o.vidation of hydrogen sulfide, coupled 
with a photochemical reduction of carbon dio-xide (1). Similar results ivere 
later obtained by Nakamura (57) ivith pure cultures. And when, in 1934, 
Roelofscn (54, GS) established that molecular hydrogen can be used for photo- 
sjmthesis by Thwrhodaccae, Gaffron soon afterwards reported the same reaction 
for representatives of the Athiorhodaceae (5). Since then various investigators 
have corroborated the occurrence of these reactions (IG, 32, 57, 69-73). It must, 
however, be pointed out that not all strains of this group are characterized by the 
ability to use sulfide or hydrogen; in 1930 I had conducted a number of e-v-peri- 
inents on photosjmthesis in the presence of sulfide and of hydrogen with Rhodo- 
spirillum strains, obtaining completely negative results. 

The above-mentioned investigations had all been carried out with the aid of 
the inanometric technique, and hence with cells previously grown in organic 
media. It is, however, obvious that those purple bacteria w'hich can utilize 
oxidizable inorganic substances for photosynthesis should also be able to grow, 
in the proper media, chiefly on the basis of these reactions. This has been veri- 
fied by numerous culture e-xperiments. 

The first of these were conducted in 1930, in an attempt to grow' Athiorhodaceae 
in sulfide media. By using an inorganic medium with very small amounts of 
peptone and various sulfide concentrations it was demonstrated that the presence 
of sulfide results in increased growth of the organisms in anaerobic, illuminated 
cultures. It was also observed that, at the end of an experiment, the sulfide had 
become oxidized, mainly to free sulfur. Tins result wrns reported in 1935 (52) 
and attention draTO to the apparent discrepancy with Gaffron’s observations 
from which a complete oxidation of sulfide to sulfate could be inferred. It is now 
clear that the incomplete oxidation in the culture experiments was due to Ae 
use of media which allow'ed only a very scanty development. Since the further 
oxidation of elementary sulfur proceeds extremely ® 

of cells present— the development being limited by the lack of sufScien gr 
factors— it may easily be overlooked ! In manometric experiments, on the other 
irwherc a of organisms is used along with a very small quantity 

Sd (coSoi o,dda«on L be readily de.aonatr.led. F^ the on! nre 

I'perinri it ^(,^“ 1 ^^ toSt 

medium are covered with sulfur globules. 
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All sulfur purple bacteria can utilize thiosulfate as well as sulfide. Hence it 
was reasonable to expect that those Athiorhodaceae capable of oxidizing sulfide 
could also attack thiosulfate, and even grow at the expense of this oxidation. 
This has been tested experimentallj’-, and the results have been unambiguous. 
In a medium with only a small amoimt of I'east extract, which b}" itself jields no 
more than a barel}" perceptible growth, several strains produce good cultures 
upon the addition of 0.1-0.2% Xa 2 S 203 . That the latter is converted into sulfate 
has been shown bj' chemical determinations of the sulfate content of blanks and 
inoculated media. Without yeast extract or other complex materials growth 
has not been observed in thiosuKate solutions. 

Under similar conditions the development of certain strains of non-sulfur pur- 
ple bacteria has been shown to proceed at the expense of molecular hj'drogen. 

Thus the e.xperimental eindence, demonstrating the abilitj' of Athiorhodaceae 
species to grow bj’- -virtue of their utilization of sulfide, thiosulfate, and molecular 
h 3 'di-ogen, adds still another argument in favor of the previous ecological con- 
siderations. It has now been shown that the various products resulting from 
the primary decomposition of plant and animal remains can, one and all, sen'e as 
major substrates for the development of the non-suKur purple bacteria. 

At this point I regret to annoimce that so far one group of substances, the 
lower amines, has been omitted from the fist of substrates investigated. This 
omission is particular!}' deplorable because these compounds will imdoubtedl}’ 
be formed during the anaerobic decomposition of proteinaceous materials. It 
is therefore a 'priori to be e.xpected that the amines, too, can be used for photo- 
S 5 'nthesis and gro-wth b}' some members of the group. During his e.xtensive 
studies on the aerobic decomposition of various groups of carbon compoimds 
den Dooren de Jong (74, 75) found the lower aliphatic amines to be attacked 
principaUj' b}' a small group of apparentl}' highlj- specialized bacteria, the Prota- 
vimohader species.^ In view of the existence of this specialized group of aerobic 
bacteria it is quite conceivable that also among the purple bacteria t 3 'pical 
“specialists” for the oxidation of these a min es would be encormtered. It is 
hoped that this gap in our present knowledge -vrill soon be filled. 

e. The nutrition of the non-sidfur purple bacteria in the dark. While the fore- 
going discussion of the ph 3 'siologicaI characteristics of the non-suKur purple 
bacteria has dealt chiefl}' -n-ith the nutrient requirements of the organisms when 
grown under anaerobic conditions and in the light, a few remarks should be added 
concerning the development under aerobic conditions, and in the dark. 

On a number of occasions it has alread}' been pointed out that those strains 
which can develop in the presence of air, can also be groivn in the dark, but only 
aerobicall}’. The media which will permit development are essentiall}' the same 
as those in which growth can occur in the light. It must, however, be remem- 
bered that in the latter case carbon dioxide appears to be used as the onh' finn1 
h 3 'drogen acceptor for the oxidation of the substrate. Furthermore, this carbon 
dioxide reduction results exclusive!}' in the production of cell materials. Hence 

’ den Dooren de Jong proposed the generic name Protaminobactcr for these organisms. 
J.anke (76) has, however, pointed out that this is a misnomer, and substituted the designa- 
tion primoraminophagoiis microbes for the members of den Dooren de Jong’s genus. 



4G 


C. B. VAN NIEL 


amount of sutstratrdlcomS'’" of magnitude as the 

,.f, L ■ \ circumstances a large proportion of the organic sub 

sUate IS decomposed nath the liberation of CO.-and m, if the substr^e c^ 
tains ammo acids which can be utilized-so that the yield of cell material from 

the same amount of substrate is naturally much smaller in aerobic, dark cultures 
than in illuminated anaerobic ones. cunures 

This difference in jdcld becomes particularly striking if an inorganic oxidizable 
substrate, such as hydrogen or thiosulfate is used. It is evident, and in the ne.xt 
section this point mil be elaborated, that under these circumstances the growth 
of the purple bacteria becomes virtually autotrophic. Now, it is well knomi 
that the ''efficiency” of autotrophic, non-photosynthetic bacteria, as reflected 
in tlio relation between the amounts of cell material formed and of the substrate 
wndized, is usually quite low. This means that most of the available hj'drogen 
is ultimately transferred to oxygen, and that only a small fraction is used for the 
production of cell substance from carbon dio-vide. The elimination of the sub- 
strate 0 -\-idation with molecular oxygen by culturing the organisms anaerobically 
in the light must, therefore, of necessity increase the cell yield many-fold. 

Nevertheless, from the point of view of the physiological properties of the 
purple bacteria the important point is not the crop of organisms obtainable 
under aerobic and anaerobic conditions, but the fact that any medium which ndll 
allow the development of the Athiorhodaceae by photosjmthesis can also serve 
as a satisfactory substrate for aerobic growth in the dark. 

For the ecology of the purple bacteria tliis fact has little or no importance. 
^^^lilc one can thercb}’ understand how the purple bacteria are able to live in 
nature during periods of darkness, it should by no means be interpreted to mean 
that in nature these organisms will ever be found thriving under competitive 
condif ions when light is not periodically available to them. The ability to grow 
aerobically in the absence of light is a physiological potentiality, demonstrable 
with pure cultures, but one vdthout ecological significance. 

Special emphasis should be placed on the fact that none of the Athiorhodaceae 
thus far studied develops in the dark in the absence of oxygen. This is in com- 
plete agreement with the observations of Gaffron (1), demonstrating that 
su.spensions of Rhodovihrio under these conditions exhibit no measurable meta- 
bolic activities, both in the absence and in the presence of a suitable substrate. 
Later studies (5) have shonm, it is true, that suspensions of other members of 
the m'oup may produce acidic substances when incubated anaerobically m the 
dark But the small magnitude of this metabolism on the one hand, and the 
failure to influence its extent by the addition of substrates, indicate that the 
Phenomenon cannot be considered as comparable irith those fermentation proces- 
^ 1 VI, pnoblc certain tiroes of microorganisms to develop m the absence of air. 

^ a nitrate reduction. While the former showed this process to occur m 

with the photochemical nitrate reduction 
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observed by Warburg vith Chlorella, tbe latter demonstrated that it can also 
take place in the dark. This makes it possible that non-sulfur purple bacteria, 
like some common aerobic bacteria, might be grown anaerobicall 5 * in the dark in 
nitrate-containing media. Conclusive experiments in this respect have not j'et 
been carried out. But even if this were the case, it would not by anj' means 
invalidate the conclusion that the metabolism of the Athiorlwdaceae is primarilj' 
oxidative. 

III. A brief cliaraderization of the nutritional physiology of the Athiorhodaceae 

a. General aspects. Recapitulating, we maj"- now conclude that the various 
angles of the nutrition of the non-sulfur purple bacteria, presented in the prem- 
ous sections, have fiumished ecological as well as direct experimental emdence 
which permits a relatively simple and unified concept of their general ph 5 'siologju 

Like most representatives of the Pseudomonadaceae, which they morphologi- 
caU}' resemble, the purple bacteria carrj'- out a tj^jically oxidative metabolism. 
A great variety of simple organic substances — ^alcohols, fatt}’ acids, hj-droxA”- and 
dibasic acids, etc. — can be used as substrates, and these are oxidized during 
metabolism with the use of an extraneous hydrogen acceptor. Although oxj'gen 
is the most common one, other acceptors, notablj' meth 3 ’lene blue and nitrate 
(57) can be substituted for it. 

Furthermore, the oxidation of organic substances bj' ordinarj' aerobic micro- 
organisms results in the production of carbon dioxide, coupled with a “primaiy 
assimilation” in the sense of Barker (77), in which a considerable amount of the 
substrate-carbon is converted into cell mateiial. In a munber of carefullj" 
studied examples the extent of this assimilation has been shown to be of a high 
order of magnitude; a conversion of one-half or even two-thirds of the substrate- 
carbon into assimilation products is common (77-83; 48). The same phenome- 
non has been observed with cultures of Athiorhodaceae oxidizing acetate in the 
dark in the presence of oxj'gen (8) ; even quantitative!}^ the results are in agree- 
ment vith those obtained with colorless algae, yeasts. Pseudomonas and Spirillum 
species. 

Again, just as various members of the Pseudomonadaceae are capable of oxidiz- 
ing inorganic compounds, such as thiosulfate and molecular hydi'ogen, as well 
as organic substrates, so do certain members of the non-sidfur purple bacteria 
possess this property. 

All these sunilarities justify the characterization of the metabolism of this 
group of orgamsms as t}'pically o.xidative, and as essentially similar to that of 
other oxidative organisms. But in spite of the fact that the above derivation 
seems eminently logical, and the final conclusion well-nigh unavoidable, this 
characterisation is, nevertheless, rmsatisfactor}* because it does not include the 
most outstanding feature of the physiolog}' of the purple bacteria. 

The reason for tliis situation is not hard to discover. The designation “oxidative” of 
necessity covers only one side of the metabolic actixities; it describes the fate of the oxidiz- 
able substrate, but not the nature of the final oxidant. Biolo^cal oxidations share with 
the purely chemical ones the requirement that they must be accompanied by concomitant 
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18 true tlmt tins restriction was eliminated by Wieland’s demonstrations that other sub 
stanres, such ns quinonc and methylene blue, could function as hydrogen acceptors (i c 
o-xidizing agents); yet the tendency has been to consider such systems more as interesting 

feanS. ' ' 

. especially among the microorganisms that one meets with cases in which the 

implication of a typically "oxidative" metabolism should not be that molecular oxygen 
enters into the reaction as final hydrogen acceptor. The most clear-cut e.xamples are the 
processes of mtratc reduction, of sulfate reduction, and of carbonate reduction. The first, 
It IS true, is ordinarily carried out by organisms which are essentially aerobic, and which 
can, therefore, normally use molecular oxygen for the oxidation of the substrate. It is 
thus po.ssiblo to consider this process as an “aberrant” type of oxidative metabolism, im- 
posed by llic environmental conditions, and on a par with the reduction of methylene blue 
under anaerobic conditions. This line of reasoning cannot, however, be applied to the other 
two processes. The sulfate-reducing bacteria are anaerobes; they cannot live in the pres- 
ence of air. At the same time, the fate of the oxidizable substrate is in no way different 
from that which typifies its degradation under the influence of an aerobic, o.xidative organ- 
ism. The important distinction is that, as far as is known, the sulfate-reducing bacteria 
can use only one specific group of substances, viz. the oxidized sulfur compounds sulfate, 
sulfite, thiosulfate, etc., ns the ultimate hj'drogen acceptors. The same appears to be true 
for the bacteria causing the methane fermentation; the only known acceptor for these 
organisms is carbonate or carbon dioxide (See Barker (84-87)). Consequently it appears 
that the term “oxidative metabolism” comprises a number of processes, similar or identical 
with respect to the fate of the oxidizable substrate, but characteristically different and 
readily distingiiishablc on account of the final oxidizing agent. 

By taking this more comprehensive view of oxidative metabolism into con- 
sideration, it becomes possible to characterize the physiological properties of the 
purple bacteria more adequately. This group of organisms possesses the ability, 
unique among the bacteria, of carrjdng out an oxidative degradation of various 
substrates wth carbon dioxide as the only final hydrogen acceptor, but dependeni 
upon proper illxminalion. TiTiat this implies concerning our concepts of the 
process of photosynthesis has been discussed in more detail elsewhere (8). 

Of great importance for an evaluation of the relative physiological importance 
of the photosynthetic and the "dark” exudation of a substrate are some experi- 
ments of which an account has been rendered previously (8).^ It has repeatedly 
been pointed out that the Aihiorhodaceac are capable of oxidizmg one and the 
same substance either in the dark or in the light. In the former case oxygen is 
normally used as the ultimate oxygen accepter, while m the 
can proLd under anaerobic conditions because here carbon dio.xide ^ 
function Now it has been shoum conclusively (8) that suspensions o 

iulfur purple bacteria, in the presence of oxygen, carbon dioxide, and “ 
sulfur piupie u ’ suspensions are illummated. In 
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illumination demonstrates com-incinglj' that the purple bacteria must be con- 
sidered primarily as photos}Tithetic organisms. 

h. Thio- and Athiorhodaceae. Phj-siologicalh', the non-sulfur purple bacteria 
are thus related on the one hand to the purple and green sulfur bacteria by ^'irtue 
of the photos3Tithetic nature of their metabolism, and on the other to the various 
tj-pes of non-photos5'nthetic organisms with a tj-picallj' oxidative metabolism. 
With regard to the first -mentioned relationship, which has alread}' been discussed 
to some extent in connection with the delimitation of the group of Athiorhodaceae, 
a few additional remarks are here in order. 

While both Thio- and Athiorhodaceae can carrj^ out a photos3Tithetic process 
in the presence of various oxidizable substances, a satisfactor3' differentiation 
seemed possible on the basis of the ecologicall3' important fact that in nature the 
sulfur purple bacteria appear to be restricted to those localities where sulfide is 
present, while the other group develops primaril3' in organic media. Now that 
it has been shown, however, that organisms which have for man3^ 3'ears been 
considered as t3’pical Athiorhodaceae are also capable of utilizing oxidizable sulfur 
compounds instead of organic substances, this distinction becomes much more 
difficult. 

An additional feature has been brought out b5' the investigation of the nutri- 
tion of the non-sulfur purple bacteria which can be used to separate the two 
groups. This is the recognition that the various membei-s of the Athiorhodaceae 
require special, as 3'-et unknown, growth factors of an organic nature. Whereas, 
therefore, Thiorhodaceae ma5' develop in strictl3' inorganic media, this is not 
possible for representatives of the other group. It is well to remember, however, 
that onty a ver3' few of the t3'pical sulfur purple bacteria have so far been obtained 
and studied in pure culture, so that it is conceivable that growth of some t3'pes 
ma3' 3'et be shown to depend upon the presence of specific organic materials. 
With this in mind I have, during the past several 3'ears, made a number of 
attempts to culture some of the large Thiorhodaceae, particularh* Chromatium 
okcnii, b3' using sulfide-containing media enriched vith complex organic materials 
(3'east extract, etc.), but the results have not been encouraging. Also, one must 
admit the possibilit3' that certain species of Athiorhodaceae will be discovered 
which can develop in the absence of special organic growth-factors. If such 
organisms were simultaneous^’ endowed with the abilit3’’ to oxidize suKur com- 
pounds, the3' would ph3'siologicall3’ become indistinguishable from the Thio- 
rhodaceae on the basis of our present knowledge. And the small pseudomonads, 
described in 1931 as t3’pical sulfur purple bacteria ( 3 ), ma3' be regarded with some 
justification as a case in point. This is all the more true since I have obtained 
enriclmient cultures of these organisms with organic media inoculated with 
marine mud samples. 

Thus the oft-repeated complaint of the S3*stematist that nature knows of no 
sharp distinctions, and thereb3' renders his attempts arbitrar3', ma3' again be 
reiterated. WTiile there is ever3’ reason to favor a subdRusion of the purple 
bacteria into two separate groups, and while it is clear enough that this can 
readih’ be aclueved if we consider onh* the most characteristic representatives 
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purple bactena in the dark mth that of non-photosjTithetic orgai&ms it is 
impossible to point to even one small but characteristic difference 

J ZZ" Z’ 1 ""Z"’ "T bacteria and 

the nvhaclcriaks along physiologiKil lines is simple and sharp, because it can be 

based upon the ability’- of the puiple bacteria to metabolize by means of a photo- 
synthetic process. Tliis, moreover, fits the ecological facts; enrichment cultures 
of piiqile bacteria have never been achieved except under conditions of proper 
illumination, so that it is reasonable to accept the proposition that the photo- 
S37ithetic mode of life represents the most important physiological characteristic 
of the group.^ Tlie experhnents discussed at the end of section a (p. 48) bear 
this out con^nncingI}^ 


But this, in turn, raises another problem, to which Czurda and Maresch (20) 
have called attention. The normal requirements for growth of the Athiorhodaceae 
include the presence of organic substances. For a Jong time it has been custom- 
aiy to refer to such organisms as heterotrophs, in contrast to the autotrophic 
living beings whose nutritional needs can be satisfied entirely by inorganic 
compounds. Now it is obnous that an autotrophic bacterium must necessarily 
sjmthcsize all its cell constituents mcclusi\’el.r from carbon dioxide and other 
minerals, whereas such a complete synthesis would be superfluous for organisms 
living in the presence of organic matter. But if it were demonstrated that 
carbon dioxide pla 3 ’s an important role also in the s 3 Tithetic processes of organ- 
isms living in organic media it would be difficult to maintain the distinction. 


In this connection Czurda and Maresch have reported an experiment from which they 
concluded that in a peptone medium the Athiorhodaceae utilize only carbon dioxide as a 
carbon source. This is a far-reaching conclusion, and certainly not justified by the experi- 
mental evidence. The experiment was planned so ns to enable them to compare the devel- 
opment of seven strains of Athiorhodaceae, in the light and in the dark, under aerobic and 
nnnerohic conditions, and in the presence and absence of carbon dioxide. The medium 
used was a 1% peptone ‘‘3'aillant” solution at pH 5.2 for the COi-free cultures; in a coim- 
Bponding series the presence of carbon dioxide was insured by the addition of 0.2o% a sHCOi. 
In this scries the pH of the medium was, however, raised to about 7.2, so that the conditions 
included an important e.xtm variable apart from the presence or absence of CO-. Xwo oi 
tlic str.ains did not develop in any of the media used; the remaining fire all grew in t 
medium with NallCO,, though only in the light; while only two yielded positive cultures 
in the illuminated but COrfree peptone solution. In table 7 the results are summanze ^ 

I have already remarked that an acid medium either impedes or completely pppress ^ 
the developmeni of the non-sulfur purple bacteria. It is, 
tbattheneutrarized^ 

positive cultures in the initmlij ev. , qI^q the pH in the former had 

tb,nioU«bk,,bo..te-cotfw^ 
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the others, or that the inoculum was large enough so that the organisms introduced could 
gradually create a more satisfactory environment as the result of their metabolism, or that 
a combination of these factors was operative. The delayed development is also logically 
accounted for by these possibilities. The failure of two strains — among which was one of 
Rhodospirillum ruhrum — to grow vmder any conditions is not explained; it indicates that 
the experiment cannot be considered as having been conducted imder satisfactory condi- 
tions. The same holds good for the negative results of all the cultures kept in the dark 
In the absence of comparable data on the development of the seven strains in neutral media 
in the absence of COi it is hard to understand how the results obtained can be used to derive 
the conclusion that the three strains which developed in the medium neutralized with 
KaHCOj, but not in the acid, COr-free solution, are obligatory carbon-autotrophs, and 
utilize only CO 2 and not the peptone as a carbon source. 

It is not only the fact that the requisite controls are not represented in the experiment 
which makes this conclusion untenable. During the past 30 years it has been repeatedly 
shown that many microorganisms — indeed all that have been carefully tested — fail to grow 
in media which are kept rigorously COi-free. (See, for example, Gladstone et al. (88)). 
May one, then, deduce from such observations that all these organisms, molds, yeast, 
protozoa, and a large variety of bacteria, “are obligatory carbon autotrophs and utilize 
only carbon dioxide as a carbon source”? Certainly not; and yet this is what Czurda and 
Maresch did for the purple bacteria on the basis of experimental results which are in no 
way different! 


TABLE 7 

Rlsumk of Czurda and Maresch’s resulls 



1 OXXGES PaZSEKT ^ 

1 CCKGES ABEEST 


Light 

Dart 

Light 

j Dart 

• 

! 

COs-free 

0.25% ' 

NaHCOi 

0.25% 

NaHCOj 

COt-free 

0.2S% 

NaHCOa 

Number of positive cultures 

2 

5 

0 

0 

1 5 

1 0 

Initial pH 

5.2 

7 2 

7.2 

5.2 

7.2 

5.2;7.2 





We must, consequently, conclude that Czurda and Maresch have not con- 
tributed satisfactory experimental evidence for their contention. jSTevertheless, 
the theoretical problem raised by them is one which deserves attention. By 
Gaffron’s experiments (1, 0 ) it was fh-mly established that Uluminated suspensions 
of Athiorhodaceae utilize carbon dioxide during their metabolism of the higher 
fatty acids. It would thus be possible to infer that the organic substrates serve 
exclusively as hydrogen donors, and that the synthesis of cell material proceeds 
entirely from carbon dioxide through its photochemical reduction. But this is 
not necessarih" the case. Gaffron’s experiments do not exclude the possibility 
that “during the breakdown of these organic compounds there ma}' be formed 
intermediate products which can serve immediately as raw material for some of 
the anabolic reactions” (52, p. 140-141). Foster, in 1940, expressed the same 
opinion; “It is far more likely that in the course of the oxidation of . . . organic 
substrates there maj* be formed intermediate products which can be directh' 
converted into cell materials. The recent studies on oxidative assimilation by 
colorless organisms furnish a verv' strong support for this view” (6, p. 134). 
Elsewhere (S) I have presented experimental evidence in favor of the concept 
tlrat the organic substrate is, in fact, used by photosjmthesizing Athiorhodaceae 
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The fact remains, however, that in the light the non-sulfur purple bactem can 
and do utilize carbon dioxide at least partly for the synthesfs oTcell materials 
^ expemnents have shown convincingly that special organic 
u s ances, such as secondaiy alcohols, are used exclusively as hydrogen donors, 
and not as fauildmg matenals, since these substrates are quantitatively converted 
into the corresponding ketones which are left in the medium as metabolic end 
products. In addition to this wn must consider the cases in which growth of 
A(]norhodaccac results from the oxidation of sulfide, thiosulfate, and hydrogen as 
mcontrovertible emdence for a sjnthesis of cell substance from carbon dioxide 
as carbon source. 

In view of the above considerations, it would thus appear possible to consider 
at least some members of the group as potentially autotrophic, if it were not for 
the fact that all the tj-pical representatives require additional growdh factors. 
Tlie problem of proper terminology is hereby rendered much more difficult of 
solution. The strictest inteipretatioa of the designation “autotrophic” implies 
an utter independence of other living organisms, i.e., a completely mineral nutri- 
tion. In this sense the Aihiorhodaceae, with the possible exception of a few types 
(sec discussion in the preceding section), are not autotrophs. But the term has 
often — and not without justification — ^been used with reference to organisms 
capable of utilizing carbon dioxide for the synthesis of cell constituents. On this 
basis it is, however, most unsatisfactory to describe a bacterium which can grow 
in a strictly mineral medium by oxidizing molecular hydrogen as autotrophic, 
and a closely related organism as heterotrophic merely because for growth it 
requires the presence of, for e.xample, 1 fig per liter of biotin. It will be conceded 
that the metabolism of the twm organisms must be very similar indeed, and that 
it w'ould, therefore, be undesirable to characterize their nutrition by terms which 
carry a connotation of profoimd differences. But if in this case an organism is 
admitted among the autotrophs because it requires only a very small amount of 
one single organic substance, and can produce all its other cell materials from 
CO" as the only carbon source, it becomes difficult to draw a sharp line of demar- 
cation, because this would have to be settled on a quantitative basis. And just 
horv much sjmthesis from CO 2 should be required to tip the balance in favor of 
one or the other term? The e-xperience of the past five years has shorra con- 
vincingly that all living organisms possess the ability to use carbon ffiamde for 

somesyntheses. As Werlonan and Wood state it, “the close relatio^bipbe^ 

the heterotroph and the autotroph is becoming increasmgly clear P- 
slmis reflLs the ever recurrent difficulty of carefully defi^g terms for 
in scientific WTiting. Pirie’s cogent remarks in a discussion of the terms 
and “living” are worth quoting in this connection. 

»No.^ hoover ™ 

living nor obviously dead, and it is is lining or dead the 

thcmandcoinotiiers. 


only sensible answer 


is: 
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of tilings it won’t and if some commission will define the word “living’ I will try to see how 
the virus fits into the definition.’ This answer does not as a rule satisfy the questioner, 
who generall 3 ' has strong but unfortunate opinions about what he means by the words living 
and dead” (89, p. 12). 

In the present instance it seems to me preferable not to attempt a rigorous 
definition of the terms auto- and heterotrophic which may satisfy some, and 
upset others, but, after haying called attention to the difficulties involved in the 
use of these words (see also 59), abstain from using them in order to characterize 
the metabolic properties of the Aihiorhodaceae. What has so far been said 
concerning the general physiologj^ of the group should, at an 3 ' rate, give a far 
more complete picture of the behardor of the organisms than can ever be rendered 
by one single word. 

6. THE PIGUENTS OF THE NON-SULFUR PURPLE AND BROWN BACTERLV 

I. Iniroduclion; ■physiological effects of the pigments 

The characteristic colors of the non-suKur purple and brown bacteria are 
chiefl}’’ due to the occurrence of two t 5 'pes of pigments. As far as has been 
ascertained, they appear to be distributed more or less evenlj^ throughout the 
cj’toplasm. Bj’- various methods it has been possible to extract and separate 
the main components. Since the pigment sj'stem is of fundamental importance 
for the physiological behavior of the organisms inasmuch as it is operative in the 
photosj-nthetic processes, a discussion of its properties appears pertinent. 

Not until 1935 were definite chemical studies on the pigments reported. The 
earlier studies were primarih' concerned with determinations of the optical 
properties of the bacteria themselves and of crude extracts, and with problems in 
terminolog}’’, although it is onlj’’ fair to record that Engehnann’s fundamental 
investigations on the relations between the physiological effects of light of 
different wavelengths and the absorption spectrum of the purple bacteria, dating 
from 1883-1888, laid the foundation for an interpretation of their phj^siology 
(90, 91). 

It is a curious phenomenon that Molisch is so often credited with having supplied the 
first important contributions to our knowledge of these pigments. As Buder (9) has pointed 
out, all students of the purple bacteria, from Ray Lankester in 1873 on, have agreed on the 
complexitj’ of the “bacteriopurpurin,” the name used bj’ Lankester to refer to the entire 
pigment sj'stem of the organisms. In a little-known publication Ewart (92), as earlj' as 
1897, clearlj’ demonstrated that the purple bacteria contain both a green and a red pigment 
which can be separated bj' the use of proper solvents. Nadson (93) subsequentlj' paid 
especial attention to the green, and his student Arcichovskij (94) to the red component, 
for wliich he proposed the name “bacterioerythrin,” reserving the designation "bacterio- 
purpurin” for the complex in the sense of Lankester. Three j'ears later Alolisch (4) , appar- 
entU’ rediscovering the presence of both green and red pigments in the purple bacteria, 
introduced the name bacteriochlorin for the green pigment, while limiting the term bacterio- 
purpurin to the red component. .As a new contribution he produced emdence for the exist- 
ence of two different red pigments, bacteriopurpurin a and g. In order to avoid confusion 
Buder (9) later proposed to standardize the terminology' by accepting bacteriopurpurin to 
designate the complex pigment, bacteriochlorin the green, and bacterioerythrin the red 
components. .At present these names have no more than an historical interest. The recent 
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Lt ^cd Tat i r composition, a few reports were pubiisbed which 

n^catcd tiiat m the ceUs these components might be present in the fonn of a chemical 

h TSrr treatment with various solvents. This attitude 

S pronounced the papers of Ljubiwenio (21) and of Ldvy, Teissier and 
\\urmser (Oo). Actuallj-, the evidence presented by these workers is not convincing, 
although the latter investigators made it probable that the pigments occur as protein com- 
pounds, nna that the protein component appeared to consist of globulin. The recent work 
of h rcnch (33, 45) has dispelled all doubt in this respect; it must now be accepted as firmly 
established that the organisms contain the pigments in the form of chromoproteins. It has 
not been dcfinitivclj' settled whether both red and green pigments are combined with the 
same or with different proteins. 

That these pigments have an important physiological function was shown by 
Engolmann’s observations on the behavior of purple bacteria in a spectrum 
(90, 91). Under special conditions the direction of then' movements is governed 
by light; moving from a strongl3’- illuminated section of the field into one more 
dimlj' lit, they rapidly reverse the direction of progression (''Schreckbewegung” 
in Engelmann’s terminology). Since light of different wavelengths is absorbed 
to a different extent, and thus exerts the same influence as areas of different 
intensity, the result of exposing a suspension of purple bacteria to a spectrum 
is that after a while the organisms have accumulated in certain, rather narrow 
regions of the spectrum. From the behavior of the bacteria in and around these 
regions it is clear that the latter are experienced as "light,” while the parts of the 
spectrum from wdiich the cells gradually disappear, correspond to “dark” bands 
with respect to the sensitivity of the organisms. Engelmann proved that the 
accumulations occur in exact correspondence with the absoijption spectrum of 
the bacteria. In view of the concept that only absorbed radiation can be phj^sio- 
logically active (law of Grotthus-Draper) this is, of course, not surprising. But 
special significance attaches to the fact that the aggregations w^ere found to be 
most pronounced in the near infra-red region and least in the blue where, none- 
theless, a strong absoi-ption by the bacteria can be recognized. Concerning tMs 
last accumulation Engelmann wTote: “. . . und in gunstigem Falle auch die 
iindeutung eines verw'aschenen breiten Bandes z^vischen etwa 0.55 und O.o (p) 
kcnntlich Sind.” (91, p. 162). The more extensive and careful expemnents of 
Buder (9) have fully confirmed this behavior; the phototactic responses of t 
purple bacteria are most pronounced in the infra-red region though still per- 

“T^prinSintercst because the eepanttio. of the green »d red pi^ents 
har.‘:rirplib.c to .cHbe the vaHous ~ 

either one of the tuo types 0 pi^en j . thatthegreencomponent 

Budcr.andaimtetst— 

by the red pigments. 
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The occurrence of bacterial accumulations in the range below 590 m/i conse- 
quentlj’" suggests that the red pigments may be weakl}’' functional in causing 
phototactic reactions, albeit the green component is far more active in this 
respect. Now, the close connection of the latter with the photosjTithetic 
metabolism of the purple bacteria has been conclusive!}’- established by the meas- 
urements of French (32) of the rate of photos}mthesis in light of different wave- 
lengths from which it not only follows that the green pigment is photos}'nthetically 
functional, but also that light absorbed by the red components is completely lost 
for the photos}’nthetic process. The important study of Schrammeck (24) on 
the quantitative aspects of phototaxis by pm-ple bacteria has demonstrated how 
extraordinarily sensitive the organisms are to differences in light intensity. But 
because his work was done -with imfiltered light from electric bulbs it is as yet 
impossible to reach any more definite conclusions as to the relative effects of 
light absorbed by the green and the red pigments on phototaxis. It is not hard 
to believe in the existence of a carotenoid-sensitized photobiological response, 
especially in Anew of the intimate relation of phototropic responses of green plants 
•vrith carotenoid pigments as established in many instances. The anomalous 
situation in the case imder discussion is that here two fimdamentaUy different 
pigments, one of which f ulfill s a specific function in metabolism which the other 
is kno-mi not to possess, should cause qualitatively the same physiological effect, 
though different in intensity. French (32) has hinted at a possible explanation 
on the basis of the assumption that the phototactic reaction might be compli- 
cated by secondary, chemotactic effects. Similar complications could also arise 
from superimposed thermotactic phenomena. INIuch careful work ■\^'ill, however, 
be necessary before this problem can be more satisfactorily intei-preted. 

If there be some doubt concerning the existence of a direct phototaxis of the 
puiple bacteria caused by the red pigments, no hesitation is justified in accepting 
the \'iew that for photos}Tithesis these organisms can use only fight absorbed by 
the gi'een pigment. First and foremost this statement is supported by French’s 
exact studies (see above). Additional e-^ddence has been furnished by axperi- 
ments on gro-nTh of various purple bacteria m a spectrum. (E}’mers and Was- 
sink, mentioned in (96); man}' unpublished e.xperunents of Dr. W. Arnold). 
The growth regions coincide accurately with the absoiption bands of the organ- 
isms except that at wavelengths below 570 m^i gro'v\'th does not occur. 

For a more detailed treatment of the photos}'nthetic reaction of the purple 
bacteria the reader should consult other som-ces (8, 97, 98). 

II. The green pigments 

\\Tien Ewart had found (92) that a green pigment could be extracted from 
purple bacteria by alcohol, he carried out some further simple experiments with 
the solution. The pigment was easily transferable to ether or benzene; the 
solutions showed a red fluorescence, faded rapidly when e.xposed to fight in the 
presence of oxygen, and tiu-ned brown on treatment with acid or alkali. From 
these observations he concluded cautiously that “a green dye apparently identical 
with chlorophyll” was present in the organisms. 



56 


C. B. VAN NIEL 


vlT° r characteristics of the extracted substance 

u ero strongly remimsceat of the typical plant pigment : “Die schone griine Farbe 
Che Ausschuttelungsversuche und die schwache, rote Kuoreszenz konnten auf 
die Vermutung fiihren. dass man es beim Bacteriochlorin eigentlich mit Chloro- 
ph.yll zu tun babe. Die spektroskopische Prufung und manches andere spricht 
aber ganz dagcgen . . (4, p. 79). Apart from the absorption spectrum of the 
^een solutions, which is totally different from that of chlorophyll, a clear dis- 
tinction was indicated by the treatment of the solutions with strong alkali. 
Moliscli had observed that chlorophyll solutions at first turn brown, and later 
become green again wdien subjected to the action of alkali. (Molisch’s chloro- 
phyll test, later known as the “phase test”). The green extracts from purple 
bacteria responded to the addition of alkali by turning brown, but never resumed 
a green color. The same difference wrns exhibited by the effect of acid. While 
recognizing the profound differences in the behavior of solutions of “bacterio- 
chlorin” and of clilorophyll, he nevertheless stated: “womit aber nicht gesagt 
scin soli, dass zwischen Bacteriochlorin und Chlorophyll nicht auch verwand- 
scliaftliche Beziehungen bestehen konnten” (4, p. 80). 

One finds the same reasoning in Buder’s discussion of the green bacterial 
pigment. He, however, recognized another important problem which Nadson 
and Molisch had not raised. Much more aware of the importance of Engel- 
mann’s phototaxis e.xperiments, rvhich Buder repeated and expanded, the latter 
realized that it was still uncertain whether the green or the red component of the 
purple bacteria pigment system was responsible for the marked and spectacular 
absorption in the infra-red region. Direct measurements of the infra-red absorp- 
tion by the green solutions were not carried out, however. Buder tried to solve 
the problem by studjdng the phototactic accumulation of the purple bacteria in 
light filtered tlirough solutions of the green and red components respectively, 
expecting that the solution of the particular pigment which was characterized 
by the infra-red absorption bands would prevent the organisms from exhibiting 
the corresponding phototactic bands. Much to bis surprise he found that the 
accumulations in the infra-red re^on occurred behind both the solution ot 
bacteriochlorin and that of bacterioerythrin, but were elimmated if a filter of 
living bacteria or a ferrous sulfate solution was used. As an interesting possi- 
bility Buder points out that perhaps a third pigment is present m purple bactena 
w'liich absorbs mainly in the infra-red; 

suol.cn, ob ctwa cne ^ P * “ auBzeichnet in 
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sichtbare Absorptionsspektrimi des Bakteriopurpurins sich durch die tJbereinaiiderlegung 
der Spektra des Bakterioerythrins vmd -chlorins, wie es scheint, ziemiicb restlos erklaren 
lasst, bliebe fur ein drittes “Pigment” keine wesentliche Absorption im sicbbaren Eereicbe 
mehr ubrig. Es miisste also ein nahezu farbloser Korper sein” (9 p. 549). 

It maj’- here be remarked that later studies have shoTvn that actually the green 
pigment is the one vhich is responsible for aU infra-red absorption bands, but 
that its absorption characteristics imdergo considerable changes upon extraction 
■with alcohol. In this connection special attention should be given to the exten- 
sive and careful studies of Wassink et al. (96, 99, 100). They demonstrated 
that the green alcoholic extracts of a variet 3 ’' of pure cultmes of purple bacteria 
exhibit onlj”^ one absorption maximum in the infra-red, situated at 774 mp. The 
Ih-ing cells, on the other hand, sho-w tvo or more distinct maxima in this region, 
and their positions vary -with the species. The differences may be considerable, 
as sho'wn b}’’ the data summarized in table S. 

TABLE S 


Infra-red aisorpiion bands of various species of purple bacteria {after Wassink et al.) 


STRAIN 

ABSORPTION ItAXniA, mil. 

Thiorhodaceae 




855-850 ^ 




Type 1 

S95 





796 


TjT)e2 

S95 


865 


804 



Athiorhodaceae 








Type 1 


S92-8S5 


850 


799 


Type 2 



880-863 


802 



Type 3 



875 



800 


Alcoholic extract of all types 



1 

I 



774 


Aqueous extracts of the purple bacteria pigments, prepared bj' supersonic 
disintegration or by grinding of the cells (French 33, 45, 101; Katz and Wassink 
(99, 100)), display- absorption spectra -which are in excellent agreement -with 
those of the intact cells from which thej' are obtained. Since the 774 mp absorp- 
tion maximum of the alcoholic extracts is not found bj' spectroscopic examination 
of anj- of the h\-ing pmple bacteria, it is reasonable to believe that the alcoholic 
solutions contain a “decomposition product” of the pigment complex. 

This is essentially' the same conclusion at wlrich Ljubimenko (21) had arrived 
in 1921. His studies were undertaken in the hope of establishing a relationship 
between the pigments of the pmple bacteria on the one hand and the green plant 
clilorophyUs and the green bacteria pigment on the other hand. The results 
obtained led Irim to express his views as follows: “H est probable que le bacterio- 
pourpourine, matierc colorante des bacteries pourpres, est intimement li6e a'ux 
substances albuminoides du protoplasma. Sous Paction de divers dissolvants 
qui rompent cette liaison par une simple coagulation de ces substances, la 
bact(iriopourpourine se decompose en une serie de ddrivfe de couleur bleu et 
rouges” (21, p. 119). 
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1 7 iiIn'monl-n I • 4 r green plants and m alcoholic solutions. In the 1920’s 
nfnd oc^ . r discrepancies the conclusion that cS 

PW occ the plant in the form of a protein oon.pl<*. The later “Z 
es 0 i es le (105-107) have contributed important experimental support 
for this concept. Furthermore, the investigations of a number of en^^ by 
ai uig and his school have demonstrated the occurrence of a pronounced shift 
towards longer wavelen^hs in the position of the absoiption maxima of the 
prosthetic groups following their recombination with the protein carrier AH 
this tends to lend conviction to the idea that the disappearance of the character- 
istic infra-red absorption maxima of intact purple bacteria or their aqueous 
extracts upon extraction with alcohol, coincident with the appearance of a new 
band in the green alcoholic solution, is a result of the severance of the pigment 
from a protein-dye complex. 

These investigations on the absorption spectra of living organisms, aqueous 
extracts, and alcoholic solutions furm’sh a complete explanation of the results 
which Buder obtained in liis studies on the “accumulation bands” of purple 
bacteria in the infra-red region behind an alcoholic bacteriochlorin solution. 
The latter is, namelj’’, transparent to wavelengths which are absorbed by the 
living cells, so that the tj'pical phototactic aggregations at wavelengths longer 
than 780 mg can still occur in light that has passed through the alcoholic extract. 
j\jid, although it is practically certain that the infra-red absorption in the organ- 
isms is principally due to the green component, one might still admit that Buder’s 
idea of the existence in the cells of a third component, responsible for the absorp- 
tion maxima in the infra-red only, was essentially correct. With the possibility 
of identif 3 dng this “third component” with proteinaceous constituents, and of 
envisaging the pigment system of the organisms as a protein-pigment complex, 
the c.xperimental evidence of various investigators, and the concepts of Buder, 
Ljubimenko, and others have thus been harmoniously correlated. 

While in most of the foregoing work similarities as well as differences between 
the green pigment of the purple bacteria and chlorophyll had been stressed, an 
approach to the chemical nature of the “bacteriochlorin" wms not made until 
193d. 

It is true that in 1925 Uvy el al. (95) had carried out some studies on the green com- 

nonont, obtained by extraction of purple bacteria with methanol, but the tests were cm e, 

and the results difficult to interpret. They concluded: “D’apres ses propn5t5s chimiques 
il nous semble que la bactfiriochlorine doit probablement 5tre 
d,. o.r.apoid.. si ■•on 

far anderc KSrper dor Chlorophyllreihe vergeben ist (109, p. 222). 
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nesium in complex combination. The combustion anatysis led to the formula 
C55H7206iS!’4Mg-lH20. From the presence of 6 oxygen atoms Schneider inferred 
that bacteriochloroph}*!! is more closelj"" related to the green plant chloroph}^!! b 
than to chloroph}’-!! a. By preparing a large number of conversion products 
along lines which had preidousl}' been worked out (especially by WOlstatter and 
Stoll, Stoll and Wiedemann, and H. Fischer el al., during their studies on chloro- 
phj^ll), Schneider substantially’' supported the contention that the green compo- 
nent of the purple bacteria pigment is a chlorophyll. For example, treatment 
of bacrteriochlorophj'U with dilute acid results in the loss of the magnesium atom 
from the molecule with the formation of bacteriopheophytin; the latter, stUl a 
wax, can be converted into the readily crystallizable bacteriopheophorbid, and 
this, in turn, into its methyl ester; while from these porphin compoimds various 
porphyTins can be obtained by the usual methods. 

At about the same time H. Fischer and co-workers commenced the publication 
of their investigations on the chemistry of bacteriochlorophyll, through which 
not only important details were added, but also misconceptions were cleared up, 
and ultimately the exact chemical structui'e of the molecule became fairly' weU 
established (110-116). Thus they demonstrated the presence of a phy'tyd group 
which can be spUt off by' “chlorophy'llase,” and succeeded in carrying out the 
degradation of bacteriochlorophyll to oxo-pheoporphyrm as, the latter a ty'pical 
derivative of the chlorophy'U a series. The last-mentioned conversion can be 
achieved vathout having recomse to the “oxo-reaction,” whereby' the ^'iny'l 
group of chlorophydl a is converted into an acetyl group. This transformation of 
bacteriochlorophy'U into a substance identical with one obtained from chloro- 
phydl a established that the bacterial pigment should be regarded as related to 
chlorophy'U a rather than to b. The sixth oxy'gen atom in the bacteriochlorophyU 
is not present in a formy'l group, as it is in chlorophyU b, but in an acetyd group 
which occupies the same position in the molecule as does the -rinyl group in the 
green plant chlorophy'lls. Also, it was found that bacteriochlorophy'U contains 
two hydrogen atoms in excess of chlorophy'U a which can be very' easUy' removed. 
The various compounds of the bacteriochlorophyU series then give rise to 
dehy'dro-derivatives, stiU more closely' related to simUar members of the chloro- 
phyU a series. How close this relationship is was shown by the recent sy'ntheses 
of dehy'dro-bacteriopheophorbid and dehy'dro-bacteriochlorin from derivatives of 
chlorophy'U a, and by' the beautiful experiments in which the acety'l group of 
dehy'dro-bacteriopheophorbid was transformed into a %’inyl group, thus prac- 
tically' achieving its conversion into chlorophy'U a. 

In connection with the successful interconversion of the acetyl compound via the a- 
hydroxy stage to the vinyl derivative, according to the reaction: 


O 


H,C 


/• 
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^^iticnzwcif uud Hcv^r wrote* 

a-Ox-yvcrbindungon im Hochvakuum ru Chforin p der 'analytischen' 

Pliaophorbid a v± Clilorin e, ^ 2,a-Oxychlorin e* 

, ““® reversibel in Chlorophyllid a ubergefuhrt ist und 

'on Phuophorbid aus auch jn Phaopbytin, bzw. Cblorophyll a, ist damit der endgitige 
Borois gchcfcrt fur die vollstandige (Jbereinstimmung der Konstitution von Debydro- 
bncteriopbuopboTbid a und Chlorophyll a. Noch steht der definitive Beweis ana dass bei 
der Dcliydncrung von Bacteno-eMoropbyU beine Konstitutionsanderang eintritt Ange- 
sicbts der grosson Labilitat von Bacterio-chlorophyll halten vrir dies nicht fur ganslicb 
ausgcschlossen" (IIG, p. 162). ^ 


The iiiost probable forniula for the dehydrobacteriopheophorbid, according to 
Fischer d al., thus is: 



y"= COOCHj 
COOH 


With a phytyl group substituting for the acidic hydrogen of the propionic acid 
attached to pyrrol ring IV, and the two hydrogens in rings I and II replaced by 
Mg, this structure should also closely represent the formula of the bacteno- 
chlorophyll itself, with the position of the two extra hydrogen atoms still m 


'^°Relevant to these views are also the spectroscopic investigations of various 

carries a vinyl group. , . , , „ , „„ ^otp closely related to chloro- 

Sebnefc, coBBiteing tetenooUoropkyn “ ^ bacteria, 
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Fischer et al. this substance would, however, be a decomposition product of 
genuine bacteriochlorophj^U and not a regular constituent of the pigment S3’’stem. 
The latter investigators could find no indications for the occurrence of more than 
one bacteriochlorophj^U in Thiocystis violacea, one of TMorhodaceae. Since 
'Schneider had investigated the pigment of Athiorhodaceae cultures, which 
undoubtedly represented a mixture of different species, it was entirelj' possible 
that the conflicting e^ddence might have been due to the fact that the various 
members of the groups of Thio- and Athiorhodaceae do not aU contain identically 
the same bacteriochlorophyll. The marked variations in the infra-red absorp- 
tion spectrum of different organisms, commented upon before, could readilj^ be 
considered as experimental support for this assumption. 

Nevertheless, the evidence obtained to date does not bear this out. In the 
first place, chromatographic analj''ses of bacteriochlorophj’-U extracts from pure 
cultures of several species of non-sulfur purple bacteria have made it appear 
most unlikelj’- that an}’' one species contains more than one bacteriochlorophyll. 
Furthermore, the absorption spectra of the alcohohc solutions are, as far as has 
been ascertained, identical. This also includes the alcohol extracts from mem- 
bers of the TMorhodaceae (See also (99)). Thirdly, the various bacteriochloro- 
phyll extracts have been used for the preparation of pure bacteriopheophjdin, 
bacteriopheophorbid, and bacteriometh3'lpheophorbid. A careful comparison 
of the absorption spectra, melting points, mixed melting points, and anabdical 
data of these products again has 3’ielded no indication for the existence of different 
.bacteriochlorophyUs.'* Although it is true that imtil now such comparative 
studies have not been carried out with pure bacteriochloroph}’!! preparations 
obtained from different species, the present information thus suggests that the 
various purple bacteria contain the same bacteriochloroph}’^!!. (Man}* unpub- 
lished results, in part with Drs. E. Wiedemann and W. A. Arnold, and referred 
to in (104) and (117).) In ■\dew of the fact that the combination of the pigment 
■vnth protein radicall}'- alters the absorption characteristics, it seems most reason- 
able to assume for the present that the differences in infra-red absorption exhibited 
b}* various species must be ascribed to compoimds of one bacteriochloroph}*!! 
with different proteins, a conclusion 'Mth which French (33) and Wassink et al. 
(100) concur. 


III. The red and yellow pigments 

If a mass of purple bacteria is treated with concentrated sulfmric acid, the 
material soon turns blue. This reaction, first reported b}* Winogradsk}* (11), 
became the basis for the belief that the purple bacteria pigment would be a 
lipocliromc. Nadson, while admitting the validit}* of the observations, never- 
theless pointed out that the inference was at best premature: “From this it ma}* 
be deduced that there are, indeed, hpochromes in the cells of these bacteria. 
But one should not conclude that bacteriopurpurine is itself a lipochrome” 

* This statement is correct only for the green pigment of the purple bacteria. The green 
sulfur bacteria contain a chlorophyll which is most certainly not identical with either 
bactcriochlorophj-ll or chlorophylls a and b. 
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s.ro„* ngainst it This sWot affato M to 
ipochromo constituent, 'lactorio^rythrin,'' which he obtained S 

ctoacterized so weU spectroscopically that even to-day it is^ossible 
0 identify this pigment nilh one of the various caro+PnoWts ppw i-,,.,,™ t 


_ro laeniii jams pigment mlh one of the various carotenoids now Imown to Tecur 
.n purple bactona. This is ot importance because it hw b«»mn..r S 
contnuy to what appears to be true for the green component of their pig2 
sjstcm, the purple bacteria contam a variety of carotenoids. Molisch (4) dis- 
tinguished two, but to-daj’’ it is certain that many more exist. 

Again, the early studies on the red pigment components dealt with their 
properties chiefly as far as their behavior towards various solvents and their 
absorption spectra were concerned. More recently investigations have been 
carried out with a view to establishing the chemical nature of the substances. 
The first of these (62, 118) led to the isolation in a crj^stallineform of a carotenoid 
pigment from Rhodospirilkm nihrum. On account of its origin and chemical 
properties the compound was named spiriflox-anthin; it is a dark purple, faeauti- 
fullj' ciystailine substance, easilj'- decomposed by light and oxygen, and its 
absorption spectrum agrees vith that of Arcichovskij’s bacterio-erythrin, and 
ndth Molisch’s “bacterioputpurine a.” 

Soon afterwards Karrer and Solmssen (II9, 120) obtained a similar substance, 
which they named rhodoviolascin, from mass cultures of Rhodovihrio. The 
melting points, solubility characteristics, and absorption spectra of spirilloxanthin 
and rhodoviolascin show a striking resemblance. The analytical data, especially 
the results of carbon and hj'drogen determinations, are not m such good agree- 
ment, however. This is the reason whj' different formulas have been proposed 
for spirilloxanthin (62) and rhodoviolascin (119-123). According to the analyses 
of I'an IsTel and Smith the former compound can best be represented by CjsHtcOj 
with 15 double bonds per molecule, while Kaiver and Solmssen’s results suggest 
containing 13 double bonds, for rhodoviolascin. It should be pointed 
out that the presence of two methoxyl groups in the latter substance (120) has 
been corroborated also for spirilloxanthin (van Niel and Wiedemann, unpub- 
lished). The number of double bonds is computed from hydrogenation data, 
and the result naturally depends upon the assumed molecular weight of the 
substance. Thus, the values of van Niel and Smith are reduced to 12.8 and 12.9 
if the molecular weight of spirilloxanthin were 596 instead of 690.5, while Narrer 
and Solmssen’s data, upon recalculation for a substance with the higher molecular 
Aveight, Avould indicate the presence of 15 double bonds per molecule. 

Tliere are a few observations which, for the time being, favor a skeptical atti- 
tude to the most recent formulation of the structure of 
and Koenig (123). One is that the position of the absorption bands lould be in 
«l with a larger number of double bonde (see . 1.0 ( » 

S qolLen remark in Ibis connection; . . men uird h. auf ae.teres 

Ulun. meeben 
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molecule (van Niel and Smitli (62); van Niel and Wiedemann, impubl.) wHcli 
could be readilj- understood if the molecule contained one bydroxyl group, but 
for vrbicb there is no place in Karrer’s formulation. Thirdly, the oiddation of 
rhodomolascin b}’’ ozone fields acetone (120), which is contrary to the expectation 
if the formula proposed (123) were correct. It is true that the analj'sis of the 
products resulting from the oxidation of rhodo^dolascin by permanganate (122, 
123) makes it highlj’’ probable that the pigment contains a bbdn structure, but 
this does not necessitate a structure of the rest of the molecule analogous to that 
of the better known carotenoids. 

It is, of course, possible that spirilloxanthin and rhodoviolascin are not identi- 
cal. In 1936 1 presented Prof. Karrer udth about 500 mg of pure spirilloxanthin, 
and asked him to compare this substance with rhodoviolascin. The determina- 
tion of a mixed melting point would have gone far to settle this problem, but 
Karrer has not j'et reported the results. 

So much for the best known of the red pigments. In the extracts of Rhodo- 
spirillum rvbruin five additional j'^ellow and red pigments have been found (62), 
but imtil now no one has been obtained in sufficient quantity to allow its closer 
study. From spectroscopic observations one seems to bear a resemblance to 
spirilloxanthin, with all three absorption maxima shifted toward shorter 
wavelengths. 

Karrer and Sohnssen have obtained several other red pigments from Rhodo- 
vibrio mass cultures. The main distinctions are still based on the position of 
absorption maxima, and it seems premature to consider them all as chemically 
distinct indi^dduals. This is the more true because the melting points of some 
of the fractions, as well as the position of the major absorption bands are very 
similar. Onl}’’ one, rhodopin, has been obtained in a pure enough state to make 
the analyses significant; the}’’ indicate an empirical fonnula CwHssO or C 4 oH 660 . 
Originally (119) Karrer and Solmssen claimed one methoxyl group per molecule 
of tills pigment; in a later publication (121) the “small” methoxyl content of the 
original sample is ascribed to the admixture of rhodoffiolascin. Since a methoxjd- 
free rhodopin would require approximately a bah-and-haK mixture with rhodo- 
violascin in order to account for the earher found methoxyl content, the explana- 
tion seems extremely far-fetched. In addition, van Niel and Wiedemann 
(unpubl.) have isolated a red pigment with the characteristics of rhodopin from 
certain cultures of Athiorhodaceae which do not produce spirilloxanthin (rhodo- 
idolascin) ; and in spite of the absence of the di-methoxy compound the beautifull 3 ' 
cri'stalline substance appears to contain one methoxjd group. 

The studies of Schneider (124) on the carotenoids of Athiorhodaceae may also 
be mentioned as proi'iding further eiddence for the complexity of the pigment 
sj'stem. Isolation of indii-idual components was not attempted; the chromato- 
graphic anah’sis of extracts showed, however, the presence of a mixture of various 
colored substances. 

Summarizing the present status of our knowledge of the red components of 
the purple bacteria pigments it ma 3 ' be said that the information is as 3 "et con- 
flicting and indefinite. None of the formulas so far proposed has been suffi- 
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nilnnt T l "" spectroscopic examination three groups of red 

P ^cnts can_ be distm^ished. The first, correspoudiag to LSovlm 
actenoeo'-tlmn and Mohsch’s bacteriopurpurin a, appears to be represented by 
^nnlloxanthm and rhodoviolascin. The second comprises the pigments of the 
acteuopurpunn tj^e. Among these Karrer’s rhodopin probably constitutes 
the quantitatively predommant type; but the group, spectroscopically character- 
nc 1 ° long-wavelength absorption band at 645-550 m/x 

(m CSo), IS likely to contain a number of chemically distinct pigments. The 
third group is composed of orange and 3 ’'ellow pigments such as reported by 


TABLE 9 


AbsOTpUon spectra oj Ihc red” conslituents of ihe pipmenls from puTple hacteHa 


PIClffiST 

WELT- 

ING 

POINT 

WAVELENCTBS AT ABSOmiON MA^OMA IN VAWOCS SOLVENTS 

K 

M 

In 

» 

fit 

CSi 

CHCl. 

an. 

Eton 

Petroleum 

ether 

Bflclcn>crj‘thrin 


670 630 490 



527 493 


94 

Bacteriopurpurin a . 


605 530 

640 510 




4 

Spiniioxantlun 

219 

609 631 601 

540 506 479 

645 508 479 

529 494 

526 493 465 

62 

Bliodonoloscm 

218 

573 534 496 

544 607 476 

54 8 611 482 

626 491 (465) 
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Bftcloriopurpurin jS 


545 500 

520 490 




4 

BaclCTiooo’U'un 9 
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Rhodopurpurin 

IC1-I02 

550 511 479 

623 487 

527 490 


502 472 

119 

Riiodopin 

171 

547 508 478 

621 486 453 


505 474 

501 ’ 440 

122 

Rliodovibrin 

lOS 

550 517 
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JlhcidospiriUum ru- 








trurn 


551 516 4S5 
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riovoriiodm 

III-113 

502 472 441 

482 453 


472 443 

470 442 

122 


van Niel and Smith (62) and by Schneider (124). Flavorhodin (122) is the only 
constituent which has so far been obtained in crystafiine form. This must be 
ascribed to the fact that in the pigment extracts so far studied the red and purple 


components were predominant. , r i, + 

It is however, to be expected that a continuation of the study of the carote- 
noids produced by different species of AiMorhodaceae will reveal cases m which 
the orange and yellow pigments are produced in far pater quantity than the 
red ones In general, it seems likely that vanous strains differ markedly m the 

Thie k substantiated by a number of observations. Firstly, Mohsch ootamea 

I n ikhlovnuthin and not more than small amounts of other carotenoids 
chiefly ano n characteristic bacteriopurpurm « 

because the absorption spectra re e y , , • o possible by 

bands. Similarly, Molisch’s discovery of bactenopurpurm p V 
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extracting pure cultures of a Rhodospirillum species ivliicli obviouslj’’ contained 
little or no spirilloxanthin. Furthermore, the study of the red pigments of 
Rhodospirillum rubnim (62) showed convincingly the vast preponderance of 
spirilloxanthia among its carotenoids. 

Such observations fit in well with the results of an examination of the cultures 
of different tj’pes of non-sulfur piuple bacteria. In the section on the morpho- 
logical characteristics of this group, it has already been remarked that thej* 
can in part be distinguished by the color of the growth. Especially the careful 
spectroscopic studies of French (33, 45, 101, 125) on pure cultures of a number 
of species have shown that three types can be differentiated bj”- the position of 
the long-wavelength absorption bands of the carotenoids, respective^ at 550, 
530, and 500-510 m/i. I have spectroscopicaUj* examined thousands of cultures, 
though much more cursorily, and believe that French’s measurements can be 
used to characterize three distinctive groups of Aihiorhodaceae. 

TiTnle these various obsen'^ations are strongl 3 ' indicative of significant differ- 
ences in the composition of the pigments of various Aihiorhodaceae species, thej’- 
do not rule out the possibilitj' that in addition to one strongly predominant type 
of pigment a number of other carotenoids would be formed as well by many 
or all strains, though in considerably smaller amormts. From a perusal of the 
publications of Karrer and Solmssen it would, however, appear as if both rhodo- 
^•iolascin and rhodopin were produced in more or less equal quantity by some 
representatives of the purple bacteria, and that the composition of the pigment 
complex of anj’’ one species is extremelj'^ variable. The following quotations bear 
this out. 

“Auct die Zusammensetzung der den Rhodovibriokulturen entzogenen Carotinoidmisch- 
ungen ist bei verschiedenen Ansatzen in qualitativer und quantitativer Hinsicht Schwan- 
kungen untenrorfen; so konnte, worauf vir fruher schon verwiesen, Flavorbodin 
ofters nicht festgestellt werden. Gelegentlich beobachteten wir eine Carotinoidfraktion, 
die mitp-Carotinidentiseh zu sein scheint, in anderen Ansatzen aber nicht gef unden wurde” 
(121, p. 1019). 

“Seither wurde ein Thiocystisstamm in grosserem Masstab bei uns weitergezuchtet und 
dessen Carotinoidgemisch untersucht. Dieses envies sich als ebenso kompliziert zusam- 
mengesetzt wie jenes der Rhodovdbriobakterien und schien letzterem auch in der Zusam- 
mensetzung nahezukommen” (121, p. 1020). 

“^lengenmassig am starksten vertreten sind Rhodoviolascin und Rhodopin, die somit in 
erster Linie fur die Parbung der Bakterien verantwortlich sind. Die Ausbeuten betragen 
fur diese beiden gereinigten Pigmente je 20-30 mg pro 300 Liter reifer Nahrlosung” (121, 
p. 1019). 

Nevertheless, these remarks are decided!}* misleading. When liarrer and 
Solmssen base their observations on results obtained with mass cultures of 
Rhodonbrw, it must be kept in mind that their cultures did not in anj* waj* 
represent pure cultures of a Rhodovibrio species. Undoubtedl}' the major part 
of the organisms that developed in these mass cultures consisted of pimple bac- 
teria. But small and uncontrolled variations in the culture conditions must 
have had a pronounced effect on the specific composition of the bacterial flora. 
In fact, some statements in their papers make it obiious that Thio- as well as 
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BoroT pigments of the sulfur purple bacterium Thtiyllis 

T/T r Tf ^ representatives of 

Tho- t^nd Aihwrhodaccac. One should, therefore, expect that they fouS a 


It 13 significant that m a later paper they report; “H.-rr Peter R. 0. Bally hatte die 
Freundhchkcit, uns roten” Schlamm vom Nakura-See in Kenya Colony zu senden. Die- 
ser heferte mit Chloroform oder Schwefelkohlenstoff einen roten Extrakt, dessen scharfes 
Absorptionsspektrum mit demjenigen des Rhodoviolascins genau ubereinstimmte. Andere 
Carotinoidbanden liessen sieh nicht nachweisen. Es wird zu priifen sein, ob hier andere 
Purpurbaktericn vorlicgon oder ob die Umweltsbedingunen die ausschliessliche Bildung von 
Rhodoviolascin begiinatigt haben" (123, p. 462-463). From the fact that the material 
investigated consisted of a natural mass culture of sulfur purple bacteria it is safe to infer 
that it consisted mostly of Thiorhodaceae, not contaminated to a quantitatively appreciable 
extent udth non-sulfur purple and brown bacteria. Consequently, the extracts also did 
not show tlio variety of pigments represented in the above-mentioned mixed cultures. 


It is obviously futile to attempt a satisfactory description of the pigments of 
diflercnt Alhiorhodaccae species until the individual carotenoids have been ade- 
quately characterized. And it appears to me that the most expedient approach 
to this problem will be a study of the pigments produced by different species 
when grown in pure culture. 

So far, the red pigments have chiefly been characterized by the absorption 
spectra of their solutions in organic solvents. Yet this is not the form in which 
these substances occur in the bacterial cells. That the absorption bands of 
living bacteria can be correlated with the occurrence of specific pigments follows 
from the observations of Molisch, Buder, and French. However, here again 
one meets with a certain complexity which it is necessary to indicate. 


In connection with the discussion of the absorption spectra of bacteriopurpurin a and 
Molisch stated; “Bringt man die Spektren des Bakteriochlorins und des Baktenopur- 
purins (in Schwefelkohlenstoff) zur Deckung, bo resultiert dann so ziemlicb des Spektrum 
dcr Icbenden Baktcrien. . . . Untersucht man anstatt des Rhodospirilium erne Aufsch- 
wommung des Rhodobacillus palustris in Reinkultur. der, die wir wissen, mcht wie das rote 
Spirillum Bakteriopurpuriu sondem die Modi6kation a enthalt, so 
tram dem des Rhodospirillums im wescnthchen glemh, man findet 
bander des Bakteriopurpurins, entsprechend der hier vorkommenden Mod.6kat.on « 
gegen Rot versohobon” (4, p. 83-84). 

Now the only absorption spectrum of a bacterial suspension wWch is repro 

suspension beyond the rather vague reference to a shght shi S 

innfrtVm ** The lonccst wavelength absozption band due 



THE NOK-SULFUR PURPLE AND BROWN BACTERIA 


67 


and for the proteinaceous, aqueous extracts obtained by grinding cells of Rhodo- 
spirillum nibrum (550 m/i). But here the first inconsistency appears. For 
Mohsch’s Rhodospirillum is alleged to contain bacteriopurpurin /3, while the 
Rhodospirilhim rubrum culture used b 3 ’’ French is the identical strain which had 
pre\iously (62) been shomi to contain principally spitilloxantlnn, and the latter 
is spectroscopicallj’- identical nith hlohsch’s bacteriopuipurin a\ It is thus easj' 
to understand whi”- hlolisch contended that the carotenoid absorption bands in 
carbon bisulfide should be used in order to obtain the agreement betn^een the 
spectral characteristics of the bacteria themselves and of the superimposed green 
and red extracts, because the long wavelength absorption maximum for bacterio- 
purpurin /3 in carbon bisulfide is situated at 545 m/i. But such a procedure fails 
to account for French’s measurements; his Rhodospirillum rubrum strain should 
according!}' exhibit an absorption band aroimd 570 m/i, since this is the position 
of the coiTesponding maximum of spirilloxanthin (bacteriopurpurin a) in carbon 
bisulfide. The absorption spectrum of Rhodospirillum rubrum would, therefore, 
show a far better con-espondence nith that of the combined extracts if the 
carotenoid fraction were dissolved in benzene (maximum for spirilloxanthin 
545-550 m/i) instead of in carbon bisulfide. 

Furthermore, a band characteristic for spiriUoxanthin in carbon bisulfide 
(570 m^) has never been encoimtered in the examination of li%ung cultures or of 
aqueous cell extracts of any of the non-sulfur purple bacteria. There is also 
disagreement in the data on the absorption bands of Rhodobacillus palustris. 
Spectroscopic examination of several of my strains, closely resembling this 
species, reveals an absorption maximum at 530 m/j rather than at 550 m^, just 
as do the aqueous extracts of Rhodovibro cultiues, reported by French fSS) who 
used a strain of Rhodovibrio which has, in my experience, proved almost indis- 
tinguishable from Rhodobacillus palustris. Extracts of the carotenoid pigments 
of these representatives appear to contain rhodopm (bacteriopurpurin j3) rather 
than spirilloxanthin. Here again a reasonable agreement in the position of the 
maximum is obtained vith benzene solutions of the carotenoids; the long wave- 
length absorption maximum of rhodopin in this solvent is situated at about 
530 mil. 

Had h'lolisch inadvertently interchanged the legends for the designation of the 
absorption spectra of the red pigments extracted from Rhodospirillum species 
and Rhodobacillus respectively these discrepancies would automatically have 
resulted. It cannot now be decided whether this may have occurred. However, 
in that case another and independent observation by Buder presents new diffi- 
culties. In his studies on the accimiulation of puiple bacteria in a spectrum 
Buder found a pronounced aggregation of a Rhodospirillum species around 530 m/i. 

For a long time these various inconsistoncies have greatly puzzled me. As far 
as the conflicting data on the Rhodospirillum species are concerned, the probable 
solution is, nevertheless, rather simple. It is possible to reproduce all the 
observations so far mentioned, riz. the absorption spectrum found by IMolisch 
and French, the extraction with carbon bisulfide of a red pigment which has the 
bacteriopurpurin p characteristics, the isolation of spirilloxanthin, and the 
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accumulation in a spectrum at 530 wth purple spirilla. But this reouires 
le use of two di-stinctly different Rhodospirjlhm species. One of these produces 
spinlhxanthm, has, m the living state, an absorption maximum at 550 m/i- and 
accordingly aggregates phototactically at this wavelength. The other, Lum 
laf ler than red in cultures, does not produce spirilloxanthin, but a pigment with 
ihodopm-Iike properti^. Its cultures consequently display a maximum at 
ooO m/i, and phototactic accumulations likewise occur at this wavelength. 

It would thus be possible that Molisch also made his observations on the 
absorption spectrum of living bacteria with one species of Rhodospirillum, whUe 
using the other type for preparing the carotenoid extracts. In that case it would 
be understandable that he felt the need for using carbon bisulfide solutions of the 
red pigment in order to make the absorption spectra of living cells coincide irith 
their extracts. This would also account for the omission in the publication of an 
absorption spectrum of Rhodohacillus palustris cells, and for the vagueness of the 
statement concerning the exact position of the bands. 


TABLE 10 


Approximate position of long-wavdcnglh carotenoid ahsorption hands of different types of 
non-sulfur purple and brown bacteria, and of the major red and yellow pigments 


CROUP OP 
HACTFRIA 

ADSORmO.V BAKU 
OP INTACT CELLS 

lONO-WAVELENCrn ABSORPTION MA3QMUM OP PWNCIPALPIOUENT IN 

CS! 

OHi 

CHCl. 

Eton 

1 

550 

570 

550 

540 

625-530 

2 

530 

540-550 

530 

520 

505 

3 

505 

620 

500 

495 

485 


However this may be, the available mformation tends to favor the conclusion 
that the carotenoid absorption bands of the bacteria can be more nearly repro- 
duced with benzene extracts than with carbon bisulfide extracts. It is, more- 
over clear that different species of Atkiorhodaceae which show certain well- 
marked absorption characteristics contain different carotenoids as prmcipal 
pigment constituents. At present it is convenient to distinguish three mam 
groups, characterized as indicated in table 10. 

The pigments themselves appear to belong to tbe 
violascin) type for group 1, and to the rhodopin type for group 2. Those of the 
mt yet been sufficiently studied; the absorption m™ do 

iot befr a Le resemWanoe to fiavorhodin for which the 

ate around 500-505 m,, 480 nig, and 470 m;i m carbon bisulfide, chloroform, 

and ethanol solutions, respectively. 

mile in the foregomg d»on the occurrence of 

color of non-sulfur be borne in mind that it is by no means 

certain found in purple bacteria belong 

necessary that all the red and y U mentioned that some strains of 

to the carotenoids^ purpfeh-red pigment. That this bears no 

Alhiorhodaccac produce a diffusible, p rp 
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relation to the water-soluble pigment complex of the purple bacteria which French 
investigated and refers to as “photosj-nthin”* is shonm by the folloi\Tng observa- 
tions. In the first place, the strongly colored, bacteria-free supernatant solutions 
of such cultures do not, as a rule, contain proteinaceous, autol^diic products 
which can be precipitated by the addition of acid or by heating. Even if a shght 
flocculent precipitate does result from such treatment, this is never more than 
faintly colored ; by far the larger portion of the pigment remains in solution. The 
addition of acid does not produce the color change from red to green, described 
by French for “photosj-nthin,” but a barely perceptible change to a more purplish 
tinge, which is entirelj" reversible. The solution is heat-stable, both at an alkaline 
and acid reaction; it can be evaporated to drjmess on a water-bath without any 
apparent change in the pigment. Furthermore, the coloring matter is not pre- 
cipitated by ammonium sulfate, even to saturation, or by trichloroacetic acid. 
Completely different and characteristic is also the absorption spectrum. It 
lacks the bacteriochlorophyll band at 590 mu, and shows three bands, at 610, 
565 and 535 mu, of which the last is the most pronounced. These bands are not 
exhibited b 3 ’' the cells themselves. 

From an alkaline solution the pigment is not extracted b\" a variety of organic 
solvents. However, upon acidification it can be readilj’’ transferred to am}'! 
alcohol, from which it can again be extracted with an aqueous sodimn bicarbonate 
solution. This appears to be the simplest method for pmification of the dye. 
I have obtained it in the form of crystals but not yet in sufficient quantity to 
permit of further chemical tests. In old cultmres of strains which produce this 
diffusible pigment one can frequently obsenm among the deposit of cells a colored 
precipitate which somewhat resembles these crystals, but its nature has yet to 
be proved. 

Whatever this substance may be, it exddently is not a carotenoid. Hence one 
might also find other non-carotenoid pigments as products of the metabolism of 
the Athiorhodaceae. The brown to yellow pigments which are responsible for 
the absorption bands at 505-510 m^ of cell suspensions of certaio strains thus 
need not necessarily be extractable ^vith carbon bisulfide or chloroform. In this 
connection it is of interest to call attention to the pronounced color change, 
almost amounting to a bleaching, Avhich the addition of acid produces in sus- 
pensions of these brown organisms. Such a color change is not likely to be due 
to a carotenoid. 

Then there is the red pigment which some of the brown strains produce when 
growing in the presence of air. Shake cultures of such bacteria in cultme tubes 
not covered with paraffin illustrate this phenomenon most spectacularly; the 
colonies in the upper few millimeters of the agar column appear a deep red, while 
further down light-brown to yellow colonies develop. It is apparently not 
necessary that the bacteria be growing in order to effect the development of the 
red color. A brown, hquid culture in which growth has come to a standstill will, 
when aerated, turn red in the course of a few hours. French (125) has shown that 

‘ See also the remarks of MacKinney ( 126 ) in connection with the terminologj- of the 
pigment-protein complexes in leaves, algae, and bacteria. 
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produced from a precursor by an auto-oxidation 




to 

red 


, ' - lui iue cuane( 

.„,i . .. '.‘^“^°''P**°"®P^o*'ra of the aqueous extracts of bro\vn and 

jzcs the fatter. •Although this might suggest the formation of a pigment of the 
spinfloxanthin or rhodopin tj-pe. it would be premature to accept ^btithS 
suppmting chemical evidence. French even concludes: “Its absorption spectrum 
vould suggest that it [is] not a carotenoid” (125, p. 408). This conclusion is 
based on the curve resulting from a computation of the relative absorption at 
dilTercnt wavelengtlis of a brown and a red "photos 3 mthin” extract. If, how- 
ever, tlie yellow pigments of the brown form are involved in chemical transforma- 
tions during the change from brown into red, this curve does not represent the 
absorption spectrum of the newdy formed red component. For the present, 
then, this remains a problem. 

The above remarks also show that the environmental conditions nia}' con- 
siderably influence the composition of the pigment system of the purple bacteria. 
The most striking effects are no doubt exerted by light and by oxygen. As a 
rule pure cultures grown aerobically in the dark produce only little pigment, an 
observation made by all previous investigators. The more restricted the oxygen 
supply in such cases, the more pronounced is also the pigmentation. This can 
be seen particularly clearly on slant cultures which have been inoculated while 
the agar surface is yet moist. Many strains then tend to develop both on the 
surface of the slant and in the region between the agar and the wall of the tube, 
where conditions favor growth of micro-aerophilic organisms. On such slants the 
pigment production appears inversely proportional to the exposure of the bacteria 
to o.xygcn. The most abundant pigmentation occurs, however, in illumaated 
cultures, wliero it seems little, if at all, influenced by oxygen ivith the previously 
noted exception where a distinct color change results. Schneider’s claims to the 
contrary must again be ascribed to his use of impure cultures resulting in a 
change of flora with changes in oxygen pressure and medium. 

In view of the fact that oxygen does not participate in the metabolism of 
suspensions of non-sulfur purple bacteria in the light (p. 48) the relative inde- 
pendence of pigment production from oxygen tension is not surprising, althoug 
admittedly exclusions draivn from experiments with non-growing bacteria need 
not hold true' for cultures in which multiplication takes place. 

Finally, what has here been remarked concerning the effects of environmental 
conditions on pigment formation is based entirely on visual ° 

careful quantitative studies have yet been made on the pigments o the Alftro 
r/todaccae. And, until the various components are better knoivn, such investig - 

lions cannot well be attempted. 

7 the classification op the NON-SimPUE PUKPLE BACTERIA 

, , . . einc IloUe zu spielen. Migula, (128), p- 3G2. 
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I. The iaxonomic position of the group 

The first official recognition wliich purple bacteria received as a sj'stematic 
group came ■«’ith the creation of the order Thiobacteria b}' iMigula. Though 
Winogi-adskj^ on the basis of Iris morphological studies (11) had subdiAuded the 
sulfur bacteria into seA’eral genera, among which the greater number AA’ere com- 
posed of purple sulfur bacteria, he had not attempted to gi’oup the genera into 
larger units, or to clarify the systematic position of his units with respect to 
other bacteria. 

iNIigula did not propose the new order till 1900. In the section on the classifi- 
cation of the bacteria wliich he vTote for Engler-Prantl’s handbook (127) 
Winogradskj’-’s genera of the pm'ple sulfur bacteria occur scattered oA’er the 
various families. Nor is the order Thiobacteria mentioned in the first Amlmne of 
his masterly “System der Bakterien” (128). Between 1897, the date of publica- 
tion of this volume, and 1900, when the second volume appeared (129), it must 
have occurred to him that the separation of the morphologicaUj’’ rather conspicu- 
ous sulfur bacteria from the other bacterial species Avas desirable. As a result 
the second volume of the great treatise contains the suKm* bacteria in a new 
order, contrasted AAdth the order Eubacteria by the foUoAAung definitions : 

Order I. Eubacteria. “Zellen ohne Centralkorper, Schwefel und Bacteriopurpurin, 
farblos oder schwach gefarbt, auch cblorophj-llgriin” (129, p. 1). 

Order II. Thiobacteria. “Zellen ohne Centralkorper, aber Schwefeleinschlusse enthalt- 
end, farblos oder durch Bacteriopurpurin rosa, rot oder Auolett gefarbt, niemals grun 
(129, p. 1039). 

One looks in vain, however, for an e.xposition of the reasons which had induced 
hligula to create the neAV orders. No doubt this omission, coupled Avith the great 
influence AA'hich Aligula’s “SArstem” has exerted, is largel}' responsible for the 
perpetuation of the order Thiobacteria AAdthout much of an attempt on the part 
of later systematists to clarify the issue. The name has been changed to Thio- 
hacteriales (135-137), and the order has been generaUj' accepted. But just 
which organisms should constitute this group, and on what basis its membere 
should be systematically imited, these haA-e become issues which are in dire need 
of careful consideration. The now existing confusion shows a regrettable lack 
of the application of acceptable taxonomic principles, and often a lack of interest 
in, or familiarity A\ith the organisms themseh'^es. 

Yet, there is also an obAdous reason for these deA'elopments which it is well to 
consider in some detail because a clearer AueAv of the situation is apt to point the 
Avay to a more satisfactory solution. 

In 1900 the onb' purple bacteria that had receh'ed special attention were the 
red sulfur bacteria. WinogradskA-’s studies on the physiolog}' of these organisms 
(10, 11) had reA’ealed a similarity to that of the colorless sulfur bacteria, both 
groups being capable of oxidizing hA'drogen sulfide to sulfuric acid. The hitherto 
strictly ecological group of the suKur bacteria had therebi' been characterized 
more adequately on a phj-siological basis. !Migula had used the morphological 
adjunct of the metabolic actiAuty, the storage of sulfur droplets, as a criterion for 
Ills neAV order, and then proceeded to subdiAide the Thiobacteria into tAVO families. 
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opinion this group was closely related to the organisms of which he had made a 
specialstudy. 1 he relationship appeared, in fact, sodistinct that he felt justified 
^ purple bacteria into one new order, and in separating the 
CO orlcss and the puiple sulfur bacteria. His reasoning is apt, and, if later svs- 
tematists had taken better notice of it, a more satisfactory development might 
have been e.\'pected. On account of the importance of the passage it is here 
cited: ’ 

Ais ttcscntlicher Charakfer wurde den Thiobakterien die merkwurdige Eigensohaft 
zugoscliriebon, in ihrcm Innem Schwefel einzulagern, oder wean man die von Nathansohn 
neu cntdcckten auch dazu zahit, wenigstens ausserhalb des Zellenleibes reinen Schwefel 
zur Absclieidung zu bringen. Die von mir entdecfcte Gruppe von Purpurbaktcrien schcidet 
abcr flberliaupt niclit Scliwefel ab, diese Fahigkeit geht ihnen, obwoh! sie sonst in den 
pbysiologisclicn und morphologischea Eigensehaften mit den schwefeihaitigen Purpurbak- 
terien violfach iiboreinstinunen, ganzlich ab. Ich ware daher dafur, dass man die Purpur- 
baktericn von den farblosen Schwefelbakterien aJseigene Ordnungabtrennt, hauptsachiich 
desimlb, wcil sich auf Grand meiner Untersuchungen herausgestellt hat, dass eine grosse 
Zahl von Purpurbakterien Schwefel iiberhaupt nicht einlagern kann, also dem wesentlichen 
Chnraktcrmcrkmal der Thiobakterien gar nicht entspricht. 

Die Purpurbaktcrien enthalten .... zwei ungemein charakteristische Parbstoffe, das 
rote Bakferiopurpurin und das grune Bakteriochlorin. IJnd so wie man bei der systematis- 
cbon Glicdcrung der Algen den Farbstoffen eine grosse Wichtigkeit zuerkennt, ich erinnere 
nur an die Phykochromaccen, Fiorideen und andere, so erscheint es mir auch spezieli bei 
den Purpurbaktcrien, die infoige der Lebensweise, ihres Vorkommens und ihrer Farbstoffe 
cine zicmlich gut uraschriebene pbysiologische Gruppe bilden, zweekmassig, sie alle wegen 
ilircr cigcntOmlichon Farbstoffe zusanunenzufassen. Ich bin mir wohl bewusst, dass sich 
gogen cine soiohe Abgrenzung vom systematischen Standpunkt Bedenken erheben iassen, 
zumni da ja die Ehodobakterien morpbologiscb vielfach voneinander abweichen und mit 
anderen bcknnnten farblosen Gattungen, abgesehen von dem Farbstoff, fibereinstimmen. 

Wilrdo man die Purpurbakterien auf Grand ihrer morphologischen Merkmaie, die ja 
bei der systematischen Sonderung die erste Rolle spieien miissen, allein gruppieren, so 
warden sie sich uber das ganze Bakteriensystem verteilen. VorlSufig schemt imr erne 
pi.ysiologische Gruppierung ungemein zweekmassig. ich stehe also m dem unter W - 
nukakterion nicht cine naturliche Gruppe von Orgamsmen verstehe, f 
nlncisclie auf demsciben Standpunfcte wie Winogradsky bezuglmh der Schwefelbaktcne . 
S dl em ausgebend, fasse ich samtiiche bisber bekannten Pumur- 

Cli.d=,t, 1. In din ftmili. d«. Tb,.,hod.n». .«d 2. ” ,i,b,bn» 

die crwiihnte Fahigkeit vollstandig abgeht (4, p. 25-27). 

With this B«nd intoduction of . htee 
sivW on physiologic.) grounds, . pocnhnr s.ln.l.o» ««»• » 
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that investigators who took notice of Molisch’s publication felt inclined to agree 
that the highl}’- characteristic pigmentntion of the purple bacteria might be as 
good a criterion for the foundation of an order as is the production of the special 
pigments which tj-pitj^ the large groups of the red and brown algae. But was 
there anj^ good reason for disregarding the phj'siological similarities between the 
colorless and the red suKur bacteria as a strong token of the relation between 
these two groups? At the time the purple sulfur bacteria appeared as a link 
between two utterly distinct groups of bacteria, and in the two proposals for 
the orders Thiohacieria hligula and Rhodobaclcria Mohsch these organisms formed 
a bone of contention. The follo\^'ing diagram brings this out. 


Order: 


Thiohacieria hlig. Rhodohaderia Mol. 

A - A 


^ 

Colorless 

Purple 

Non-sulfur 

Organisms: 

sulfur 

sulfur 

purple 


bacteria 

bacteria 

bacteria 




1 

i 

1 

i 

Family: 

Beggiatoaceae Mig. 

Rhodohaderiaceae 

Mig. 

Thiorhodaceae 

Mol. 

Athiorhodaceae 

Mol. 


But while Migula, unaware of the existence of a group of non-sulfur purple 
l^cteria, could conveniently omit a consideration of its sj'stematic position, 
i olisch, m stressing the ob%ious relationship between the two kinds of purple 
acteria, might have indicated the fate of the colorless sulfur bacteria in a sj’stem 
0 classification in which onlv the purple bacteria were united into an order. 
This he failed to do. 

Since both propositions could be defended, it is only natural that systematic 
a tempts in later yeBxs have favored a grouping of the organisms either on the 
as^ o the sulfur metabolism vith maiutainance of jNIigula's order (especiaD}'* 
aien (34)), or on the basis of pigment production (Richter (130); Orla 
Jensen (131); Benecke (132)). 

^ approach is the rudimentaiy classification proposed b^' 
vruse ( ), vho suggested the combination of various kinds of bacteria in a 

separate unit “Phycobacteria.” 


blose Bakterien gestellte Wesen, die Beggiatoen and andere far- 

Cladotliri’v T>i,^ die roten Schwefel- und Purpurbakterien, die Leptothrix, 

naher. W;'r otbri.x, Gallionella usw., .... stehen den Spaltalgen • ■ ■ noch 

nennen vnn vorschlagen, sie geradezu Pbykobakterien (Algenbakterien) zu 

PurnurhiV-to • Unterordnimgen die farblosen Scbwefelbakterien und 

urpurbaktenen abzutrennen” (133, p. 1160). 


lenf ciiiKrv J bacteria and aU the purple bacteria here appear as equii a- 

baclpn’-i ^ ^ little difficult to understand why the non-suKur purple 

are me uded with other groups as proidding eAudence for the closer 
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«.« ^ ,.,^s “rtsra”' 

e purple bactenum Spirillum rubritm and the colorless Svirillum 

^ P^^able, however, that I&use was, more 
than 1 able, mchned to adopt Molisch’s view of the relation between su4 and 

eon.'d' r any argument which was built upon a 

consideration of the sulfur bacteria would necessitate the inclusion of the 
Adnorhodaceae. 

For classification purposes Kruse’s proposal was, however, too vague to be 
more than suggestive. Its influence may be apparent in later attempts, but 
since ICruse himself never introduced definite names for orders, families, etc., 
it is hard to trace. Nevertheless, the idea of establishing a large S 3 'stematic 
group on the basis of general characteristics indicative of a relation of certain 
bacteria to algae, molds, protozoa, etc., was to be developed with a distinct 
appreciation for its applicability to a better system of classification, especially 
in the United States. It was Buchanan (135) who, after a sur\'ej' of the funda- 
mental characteristics of numerous bacterial species, concluded that as many a.s 
si.v major groups could be recognized for each of which he proposed an orchnal 
rank. The second of these orders, named Thiohaclcriales in accordance with 
the rules adopted for botanical nomenclature, corresponds in part with Migula's 
Thiohacicria, and w'as based essentially on the work of Winogradsky: 

“The work of Winogradsky and others on the sulfur bacteria has led some authors to 
recognize the true bacteria {Eubacteria) and the sulfur bacteria (Thiobaoteria), as primary 
coordinate groups” (135, p. 160). 

Yet, the delimitation of the group differs in one respect quite markedly from that of 
Migula. Buchanan wrote; 

“The thiobacteria [are] characterized by certain relationships to sulphur. They all 
grow best in the presence of hydrogen sulphid, and always contain sulphur granules or 
baoforiopurpurin or both” (135, p. ICl). 

In the publication here referred to Buchanan did not mention Molisch’s publications on 
the purple bacteria. This is included in the bibliography to a later paper of the series 
(136) which contains a definition of the order: 

“Thiobactcrialcs Ordo nor. 

Cells various, typically containing either granules of free sulphur, or baotenopurpuriD, 
or both, usually growing best in the presence of hydrogen sulphide. The cells are piant- 
Hkc, not protozoan-like, not producing a pseudoplasmodium or a highly developed encj 
resting stage. Spores are rarely or never formed” (136, p. 461). 

Hence, whereas Migiila had considered the presence of suFur globules as an 
obligatory criterion for all members of his order TMobactem, this now has 
bLme a facultative characteristic, equivalent to, and apparently repl^le bj 

srMolwSii— 
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Here, then, we see the thi-ee gi-oups, the colorless sulfur bacteria, the purple 
sulfur bacteria, and the non-sulfm- piu-ple bacteria, formerly in part combined 
into two overlapping orders bj' hligula and hlohsch, merged into one sj-stematic 
unit. Buchanan’s suggestion was adopted by the committee of the Societj' of 
American Bacteriologists (138), commented upon favorabl}' by Breed, Conn, 
and Baker (139), and it has been incorporated in the past 5 editions of Bergey’s 
Manual of Determinative Bacteriologj^. Also Pribram (140) accepted the order 
in the above sense, "^’’er}^ similar is, furthermore, the s}"stem proposed b}- Baven- 
danun (151) in 1936. The points of difference are, however, worth a brief dis- 
cussion because the}’ emphasize a difficulty which will presentlj- be taken up. 

In introducing his classification Bavendamm states: “In Aniehnung an den verdienstvol- 
len Erforscher der Schwefelbakterien tVinogradskj', der diesen Namen zuerst aufgestellt 
hat und durch van Kiel insofern gerechtfertigt ist, als tatsachlich die Tenvertung des Schwe- 
fels und seiner Verbindungen als einziger Energiequelle das feste Bindeglied zwischen 
alien Thiobakterien ist, bin ich nicht dem Vorschlag von Engelmann und Alolisch gefolgt, 
den farblosen Schwefelbakterien die Purpurbakterien entgegenzusetzen. Ich habe viel- 
mehr den Leuco- und Chlorothiobakterien die Rhodothiobakterien zugestellt und die schwe- 
felfreien Purpurbakterien zunachst den schwefelspeichemden anhangsweise zugeordnet” 
(151.P.4S). 

So definite is here the stress on the sulfur metaboh'sm that this becomes the sole criterion 
of the group of Thiobacteria: 

“Bakterien, die Sulfide, Sulfite, Thiosulfate und elementaren Schvefel dehydrieren. 
Es sind entveder farblose oder gefarbte, obligate oder fakultative .Anorgoxj-danten, die 
Sohwefel und seine Verbindungen als einzige Energiequelle venrerten konnen” (151, p. 49). 
The subdirision of this group is then carried out as foUovrs: 

A. Colorless sulfur bacteria, chemoautotrophic (Leucothiobacteria). 

B. Colored sulfur bacteria, photoautotrophic (Chromothiobacleria). 

I. Purple sulfur bacteria {Rhodothiobactcria); with addendum: non-sulfur purple 
bacteria (Alhiorhodobacteria). 

II. Green sulfur bacteria (Chlorolhiobacterid) . 

The Athiorhodobacleria do not, apparently, constitute a group of equivalent rank with 
the Leuco-, Rhodo-, and Chlorothiobacteria; they form an appendix to the second, with the 
following characterization : 

“Durch Bakteriopurpurin rot gefarbte Bakterien, meist von ublicher Bakteriengrosse, 
die oflenbar Ubergangsformen der Purpurschwefelbakterien darstellen. Sie sind nicht in 
der Lage, Schwefel und seine Verbindungen als einzige Energiequelle zu verwerten. Sie 
sind obligat heterotroph, aerob im Dunkeln und anaerob im Licht” (151, p. 49). 

This passage shows that Bavendamm cannot but admit the very close relation- 
ship between sulfur and non-sulfm pmple bacteria; in fact, the latter are con- 
sidered as transition stages. But how can one ever hope to properly place one 
of these organisms, specifically described as obhgatory heterotrophic, unable to 
use sulfur and its compotmds as sole energj’ somces, in a larger group for which 
the autotropliic natme and the oxidation of inorganic sulfm compounds is a 

prerequisite? 

Obriously, in so emphasizing the “sulfm bacteria” natme of the Thiorhodaccae, 
the sulfur-free counterparts must be either left out, or smuggled in. If the two 
groups of purple bacteria are considered as taxonomicaUy related, this should 
^me out in the definition of the larger unit of which they both form a part. This 
SA endamm failed to do, and hence his method of treatment is clearly inferior 
to that of Buchanan, although the latter’s diagnosis of the Thiohaderiales is 
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^ ciinittedlj , the S3^nthesis accomplished by the establishmPTit r>f n C > 
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plctely independent characters, occurring together in one tj-pe, for establishing 
re ationships betiveen groups which each possess only one of them. In this way 
it would be argued that because there are organisms which cause both an alcoholic 
fermentation and a plant disease, the group of bacteria which produce alcohol 
must be related to those which have a different metaboh'sm but are plant patho- 
gens. It is, of course, not restricted to the use of phj^siological characteristics; 
any two independent characters combined in one, and also found separately in 
other groups would lead to the same conclusion. The argument is logically 
inadmissable. 

Consequently it becomes necessary to re-evaluate the eiidence for the affinities 
between the colorless sulfur bacteria, the purple sulfur bacteria, and the non- 
sulfur purple bacteria, so that the order Thiobacteriales as now defined may be 
replaced by a more acceptable grouping of the organisms that comprise it. 

ffirstl}' we should face the question whether the facts justif 3 '’ the maintenance 
of a S 3 'stcmatic unit based upon a specialized sulfur metabolism. Winogradsl^’s 
investigations (10, 11), restricted to the larger forms, gave the impetus to its 
creation, both in mew of the peculiar morphoiog}'^ of the "sulfur bacteria,” and 
of the important new principle in biochemistry (chemo-autotropiusm) which 
lie derived from his physiological studies. But the work of Nathansohn (141), 
Jacobsen (142, 143), Beijerinck (144, 145), Lieske (146), Waksman and Joffe, 
(147), Starkey (148), and others made it endent that the same fundamental 
type of metabolism, the oxidation of hydrogen sulfide, sulfur, and thiosulfate, is 
shared by many organisms which are morphologically t 3 'pical Fvbac/emks. To 
he sure, these do not, as a rule, deposit sulfur droplets inside their cells, and hence 
do not belong to the “sulfur bacteria” as long as the latter are defined as organ- 
isms internally containing recognizable globules of elementary sulfur. Such a 
definition is, however, quite unsatisfacto^ 3 ^ as has been pointed out before. 
(Cf. p. 3; also (3, p. 56-57)). Those who have examined the t 3 Tical micro- 
flora of sulfur springs are familiar with the organism which 
Mothrix sulfurea, and wliich differs from Thiothrix only m that the fflaments 
L not seem to store sulfur inside, but deposit it f "he 

mZ more ™able t. base tba f “ 

bactcrimn on its cbnracteristin mstnbolism. In “Zid betome 
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of “sulfur bacteria” in such a maimer as to avoid the need for including the genus 
Thwhacilhis. But despite the fact that this has been achieved, however artificial 
and vmsatisfactory the manner, the present group of “genuine” colorless sulfur 
bacteria is, upon closer inspection, no more than a conglomerate of species whose 
onl}’- claims to inclusion in a common order seem to be that the}' contain sulfur 
globules, and are difficult to fit into any of the remaining orders. It hardly 
needs pointing out that a group which contains the colorless counterparts of 
Oscillatoria, Phormidhim, and ScMzothrix, as well as the large, non-fiageUated 
Achromaiium, the flagellate Thiophysa, and the \*ibrio-Hke Thiospira, corresponds 
so httle to a systematic entity that even the inclusion of Thiohacilhis would not 
make it less satisfactory. 

This leads to the conclusion that the colorless suKur bacteria had best be 
abandoned as a group, except perhaps in a physiological sense. In the latter 
interpretation there is no reason to exclude the pseudomonas-hke Thiohacillus 
species. For taxonomic purposes the various members should be distributed 
over a number of quite distinct and separate groups. 

If this be accepted as a logical procedure, then the present order of the Thio- 
hacteriales becomes limited to the purple bacteria, in fact corresponds to Molisch’s 
order Rhodohacteria, or Pringsheim’s Rhodobacteriales (150). Once regarded as 
a physiological group, characterized by the presence of bacteriopurpmin, it 
can today be defined more adequately since it has been shown that this pigment — 
or at least its green component — permits of a photos}Tithetic metabolism. In 
the pre'saous sections it has been observed repeatedly that this metabolism is 
fundamentally sunilar in both the sulfur and the non-suKur purple bacteria, and 
that the photos}Tithetic aspects mark it as quite distinct from that of other 
bacteria, including the colorless sulfur bacteria. Is this a strong enough argu- 
ment to maintain a systematic unit for aU the purple bacteria? 

It appears that different investigators have been inclined to answer this 
question in different ways. Schneider, the first to take up this matter after the 
photos}'nthetic nature of the metabolism of the purple bacteria had been estab- 
lished, wrote: 


‘Im Gegensatz zu Bavendamm (1924) glaube ich, dass man bei einer Beurteilung der 
en\ andtschaft dieser Bakteriengruppen nach phylogenetischen Gesichtspunkten die 
morhodaceen mit den Athiorhodaceen zusanunenfassen und sie nicbt wegen ibrer Fabig- 
"eit zur Speicberung von Scbwefel den farblosen Scbwefelbakterien zuordnen sollte” 
(22, p. 83). 


As we have seen, Bavenda mm later did decide to adopt a s}'stem of classi- 
cation in which the two groups of purple bacteria were kept close together, 
ut because he still clung to the idea of a major gi'oup of “sulfur bacteria,” the 
attempt led to considerable difficulties. 

different was the solution which Pribram (152) proposed in 
3. It represents one of the few modem attempts to develop a classification 
'' uci is consistently based upon the use of morphological characteristics only. 
^ once the ^arious purple bacteria, both Thio- and Aihiorhodaceae, are foimd 
■-ca tercd o\er three of the four orders of the subclass Algobacicria, along with 
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’7^ ® together form a second faily of the 

sc domonadaZcs, and m which the sulfur purple bacterium Rkodonosloc is con- 
sidered as bemg hnked noth the Streplococcus species by Leuconosloc mesenieroidcs. 

Ifte pnmaiy use of morphological criteria was also adopted by Kluyver and 
van Aie! (163) m developing an outline for the classification of the Enladmaks. 
Here, however, physiological characteristics were considered as equally indis- 
pensable, though they were employed only for the definition of genera. Since 
morpholo^cally the various purple bacteria do not exhibit features which are 
different from those of the “true bacteria,” they were all included in this order, 
forming the genera with a photosynthetic metabolism (153, table 1). In this 
way a clear-cut separation of the purple bacteria from the nonphotos 3 Tithetic 
Eithacicriahs is achieved. The only drawback is that the group as a whole is 
not represented by a single taxonomic unit. This is due to the fact that the 
purple bacteria cannot be defined as a group except on the basis of their unique 
pliotos 3 Tithetic metabolism. As long as certain orders, families, and tribes of 
bacteria are segregated on morpholo^cal grounds, then obviously these cus- 
tomar 3 ’- taxonomic terms cannot be used to designate groups of organisms with 
the same general morphology, but with special physiological properties. 

Perhaps tlus is not too serious a disadvantage. By combining morphological 
and phj'siolo^cal characters for the delinutation of smaller S 3 'stematic units 
(genera) a system is developed in which similarities in one or the other aspect can 
easily be \dsualized. Table 11, a greatly condensed version of the one published 
by IQu 3 wer and van Niel (153), makes thfe clear. 

Such a tabulation shows that the use of important morphological characters 
as the guiding principle in bacterial classification results in a columnar arrange- 
ment of genera which may together be regarded as higher taxonomic imifs (e.g. 
families), whereas the primary use of physiological properties leads to rows of 
genera possessing this attribute. The decision as to which of the two s a e 
used for the creation of larger systematic entities may seem quite arbjtrao^ 
And, in fact, the two alternatives have been used in the past without muc 
fcMnata. One tact elands out cleaely, tvherever they have ^ 
side by side in the same system the outcome has been confusing. Only y 
consistent use of one or the other can tMs be avoided. 

But is the selection merely a matter of pereonal interested? I 

the aspects in which the particular investigator has been “o^t ^ 

believe that there are good reasons distingm^^ 

Nicl (151) have showm that at ° [ ^^^,^1 mrphoiog5'. 

primar3' classes among the bactena on . a represent groups 

These, the mactmac, the lUp-wbadenae, and the Spirochaetae, rep 
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witiiout any clearlj'’ recognizable interrelations, but in themselves they appear 
to be quite homogeneous. Again, in the Eubacteria definite assemblages stand 
out more or less clearlj’- as morphologically characterized entities (153). It is 
true that there exist a number of organisms whose aflMiities are not yet very 
distinct, but this does not affect the main thesis. 

On the other hand, some of the outstanding phj’siological properties that have 
been deemed of a sufficiently essential natme to be used for the pmpose of com- 
bining larger groups of bacteria occiu- scattered throughout a munber of mor- 
phological “families.” In many cases it is quite obvious that such physiological 
groups are far less uniform than the morphological ones. Good examples of this 
kind are the sulfur bacteria, the hydrogen bacteria, the iron bacteria, the urea 
bacteria, etc. 


TABLE 11 


Morphological and physiological characteristics of some of the genera of the Eubacteriales 


PHYSIOLOGICAL TYPE OP 

MOEPaOLOGTCAL 

HETABOLISU 

PoUrly flagellated rods 

Spheiical organisms 

Peritrichously 
flagellated rods 

Photosynthetic 

Chromalivm, Rhodo- 
vibrio, Rhodospi- 
rillum, etc. 

Thiopedia, Thiosar- 
cina, etc. 


Chemoauto trophic 

Sulfomonas, Nitroso- 
monas, etc. 

Mitrosococcus, 
Siderocapsa, etc. 


Heterotrophic oxida- 
tive 

Pseudomonas, 

Vibrio, Spirillum, 
etc. 

Micrococcus, 

Sarcina, etc. 

Kurthia, Bacillus, 
etc. 

Fermentative 

Zymomonas, etc. 

Streptococcus, Beta- 
coccus, etc. 

Aerobacter, Aeroba- 
cillus, Clostridium, 
etc. 


These considerations tend to favor the view that a physiological classification 
is less apt to lead to a rational system as far as the larger units are concerned than 
a strictly morphological one. The columns rather than the rows in table 11 
would thus appear the more logical for consolidation into groups of higher 
taxonomic rank. Naturalte, special names for physiological groups will con- 
tinue to be used. However, they should not be converted into family or order 
designations. Sometimes a physiological character may be associated with a 
morphologically restricted group. The “lactic acid bacteria” are a good case 
in point. Nevertheless, one must not lose sight of the fact that the term “lactic 
acid bacterium” generally implies a morphological as well as a physiological 
characterization. If all the bacterial tj"pes capable of fermenting sugars with 
the formation of lactic acid as the chief metabolic product were included, the 
group would certainly not represent a taxonomicaUy acceptable unit. 
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sue 1 far-reaching importance that it would seem adeauate as thp tn«;= r 
major differentiation in the bacterial kingdom. It may here be reiterated tLt 
a separation of the bacteria from the bluegreen algae is at present impossibk in 

fhp f T f 1 contended that such a segregation of 

■1 rest on a morphologicaUy detectable difference pro- 

dded by the occurrence of a special pigment system. This, however, would be 
valid only on account of its established function; past attempts to differentiate 
bactenal groups larger than genera by pigmentation have invariably led to 
difficulties. 

In any case, even the use of the photosynthetic metabolism for the creation 
of an order for the purple bacteria in the class Eubacteriae, as was proposed by 
Stanier and van Niel, is not free from objections. While for the moment photo- 
synthesis may appear to be an utterly distinctive process, future developments in 
our understanding of the photosynthetic process may well obliterate this. 
Tlffien first conceived, the distinction betiTOen auto- and heterotrophic metab- 
olism seemed quite sharp indeed; during the past several years it has become 
increasingly o\'ident that a clear line of demarcation cannot be drawn ( 59 ). 

The purple bacteria so far knomi form a group in which there is but a limited 
morphological diversification. More in particular is this true for the non-sulfur 
purple bacteria; they all fall, as has been pointed out, in the morphological 
family of the Psmdomonadaceae, and represent the pseudomonas, vibrio, and 
spirillum types, resembling completelj' the non-photosynthetic members of 
these tribes. If, under certain conditions, one of the non-sulfur purple bacteria 
Avould fail to produce its prominent pigment system, it wmuld thereby become 
indistinguishable from a typical Pseudomonas, Vibrio, or Spirillum species. The 
loss of chlorophyll formation in certain genera of algae is well known, and the 
parallel genera Clilorella-Prototlieca, Euglena-Asfasia, Chlamydomonas-Polyioma 
among the CMorophyia, as well as Oscillaloria-Beggiatoa, Phormidium-Thiathnx, 
Schizothriz-Thioploca in the Myzophyta show convincingly the derivation of the 
colorless forms. Since the transformation from pigmented to non-pigmented 
forms, but not the opposite, has been experimentally achieved, it appears more 
logical to consider the purple bacteria as the progenitors of the corresponcimg 

non-photosyntlietic bacteria. the latter 

This does not imply that each and every one of the It is 

group should hove «n immediato counterpart among the 
fo bo ospocted that various modifications of colorte g 

nr : h nTand Poio-'P 
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Euhaderiae, as proposed by Staoier and van Niel (154), would suggest this less 
probable relationsbip. 

For these reasons it seems to me preferable to abandon also tbe physiological 
group of the purple bacteria as a taxonomic unit, and to incorporate the various 
members as genera in the corresponding morphological families of the Euhac- 
ieriae. The primary’- subdivision of this large assemblage can then be carried out 
much more consistent!}’’; the order Rhodobadericdes could profitably be replaced 
b}’' an order Psendomonadales, comprising aU polarty flagellated, gram negative 
bacteria. 

By thus proposing a taxonomic revision in which neither the order Thio- 
bacieriales Buchanan, nor the order Rhodobaderiales Pringsheim is maintained, a 
grave inconvenience from the point of \fiew of determinative bacteriologj' is 
likely to result. Heretofore the purple bacteria as well as the colorless sulfur 
bacteria, both possessing rather outstanding characteristics which made their 
allocation to a restricted group a simple matter, could be identified much more 
readily than would be possible on the basis of a rigidly morphological sj’-stem of 
classification. This situation can be greatly improved by realizing that the 
restriction of Latin names for the columns in Klujwer and van Niel’s diagram 
pertains exclusive^ to the problem of taxonom}*. This does not mean, however, 
that additional sets of determinative ke 5 ’'s could not be prepared which would 
allow of the rapid differentiation of bacteria on the ’basis of ph 3 'siological char- 
acteristics. This, in fact, seems a most desirable elaboration of the systems 
now in use which are practical!}^ -without exception based upon a confused utiliza- 
tion of morphological and physiological criteria for the differentiation of orders 
and families. If this were done, the accumulated experience of man}* workers 
in different branches, and ■uith varied methods of approach could be made 
available in a much more accessible maimer than is possible by the present com- 
promises. Complications can be avoided bj' the use of common, non-Latin 
names for such physiological groups, i.e., for the conglomerates of organisms 
which are represented by the rows in the before-mentioned diagram. 

Past criticism of both "scientific” and "utilitarian” systems have frequently failed to 
recognize the need for both approaches. There has been an unfortunate tendency to 
identify a proposed system of classification with a set of determinative kej's. The adoption 
of a number of accessoiy keys for determinative purposes would, I believe, materially 
simplify the problem of achieving a more consistent sj-stem of classification without sacri- 
ficing its usefulness from the determinative standpoint. 

If, for example, a key were available by which various "sulfur bacteria” — but not Thio- 
baclcriales or Rhodobaderiales — could be identified as far as the genus, then such an ecolog- 
ical-physiological grouf), comprising Thtobacillus, Beggiatoa, Chromalium species, etc., 
would not be in the least objectionable, since this group does not now constitute a larger, 
real or pretended, taxonomic unit. Yet it would be of considerable help to the student of 
an ecological community of microorganisms who has had no opportunity or desire to famil- 
iarize himself with representatives of other groups. .Vlso certain families, e.g. the Nitro- 
baelcriaccac, Laclobaclcriaccac, etc., could more logically be replaced by common designa- 
tions (chemo-autotrophs, acetic acid and lactic acid bacteria), and thus become more 
recognizably what they, indeed, are; physiological groups. 
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The allocation of the non-sulfur purple bacteria to an order Pseudomomdales 
of the Eubaclcnae appears to me taxonomically desirable, as pointed out before. 
Thc^ genera, discussed in detail in the next section, belong morpholo^cally in the 
families Pscitdomonadaceae and Spinllaceae. Hence the once united group of 
the "Alhiorhodaccae" becomes scattered, though, as will shortly appear, not to 
the extent which Molisch feared as a result of abandoning an attempt at creating 
a “physiological order” for the purple bacteria. With the aid of determinative 
keys, including aspects of the physiology and ecology of the organisms, the purple 
and brmra bacteria can, however, still be admitted as a special group on the basis 
of their pigment system and photosynthetic metabolism. But the characteriza- 
tion of this group will then be divorced from implications of primary taxonomic 
significance. 


II. Detailed dassificalion of the non-sulfur purple and broum bacteria: ike genera 

There eidsts only one detailed systematic treatment of the non-sulfur purple 
and b^o^vn bacteria based upon origmal observations. This is the system 
developed by Molisch (4) in which the family Athiorhodaceae is subdivided into 
seven genera, each one morphologically defined. Since a very small number of 
morphological characteristics appeared sufficient for a differentiation, the result- 
ing system has the irresistable appeal of simplicity. This can best be appre- 
ciated by an examination of Molisch’s arrangement which follows. 


Family Athiorhodaceae. 

a. Cells combined into families. 

Division in one direction only. 

1. Cells rod-shaped, many embedded together in a common mass of 

2. Cells spheres or short rods, arranged like strings of beads, each 
by a slime capsule 

b. Cells single. 

Division in one direction. ^ phodococcua 

1. Cells spherical, iramotile phodobaclenum. 

2. Cells straight rods, immotile PhodobactUus. 

5 Colls spini!!y wound, with polar flngellum or tutt of PageUp JfWs.pr 

been copied without a single “ i nomenclatonal 

on this group of orgamsms. The to be a homonym. 


r. tbiq vroup of organisms. The only change 1 
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coccus. Seven 3 ’-eai‘s later the same author (137) pointed out that also the new 
name “is invahd as a generic designation for the bacteria, as the name Rhodo- 
sphaera was given bj’- Engler in 1881 to a genus in the familj'' Anacariaceae 
among the flowering plants” (137, p. 449). Hence in the second and all subse- 
quent editions of Berge\*’s Manual of Determinative Bacteriolog}^ it was replaced 
bj’’ Rhodorhagiis. 

Unquestionably the general tendency to accept Molisch’s system so completely is due 
to the fact that so few investigators have afterwards studied this group of purple bacteria 
at first hand. Furthermore, the descriptions are clear, in spite of their brevity, and their 
value is tremendously enhanced bj' the excellent photomicrographs representing the seven 
genera. Even a superficial acquaintance with the various members of the group often 
suffices to identify a culture as Rhodocyslis, Rhodonosioc, RhodobaciUvs, or Rhodospirillum. 
The recent descriptions, published by Czurda and Maresch (20), of some representative 
strains appear, in comparison, far from satisfactorJ^ Their paper would have benefited 
greatly from the inclusion of illustrations. 

Because five of the seven genera are represented by a single species, while in Rhodococciis 
only two, and in Rhodospirillum three species were recognized by Molisch, the determination 
of a genus is practically equivalent to the complete identification of a given strain of purple 
bacteria on the basis of his system. Also in this respect verj- little of importance has been 
added by later workers. Two additional species of Rhodospirillum have been proposed 
by Hama (50, 155) on entirely insufficient grounds. Three attempts have been made at 
amplifying Molisch’s descriptions. The first deals with Spirillurn (Rhodospirillum) 
ruhrum which Molisch recognized as a purple bacterium without describing it, probably 
because he felt that Esmarch’s characterization was satisfactorv'. Of this bacterium Vahle 
(134) published a detailed and accurate description. Both the others pertain to Rhodobacil- 
lus paluslris. Plowe el al. (156) made some observations on an organism isolated from the 
intestines of a Cerambj-cid beetle which they considered identical with the above-mentioned 
species. Claiming that Molisch’s characterization was inadequate, they published a brief 
description of their culture which shows unmistakably that it cannot have been Rhodobacil- 
lus paluslris, and makes it highly probable that it was not even a purple bacterium. 
Schneider’s account (22) of Rhodobacillus paluslris is rendered worthless by the fact that he 
did not use pure cultures. 

However useful Molisch’s system may have been, it cannot be denied that it presents a 
few features which to-day distinctly limit its validity. .4.s has pre^dously been stated, every 
one of the large numbers of cultures which I have examined during the past 12 years has 
appeared motile. In each case a polar arrangement of the flagella has also been demon- 
strated. Since there are good reasons for believing that all the prevdously observed non- 
sulfur purple bacteria are now represented in my collection, this finding invalidates the 
description of the genus Rhodococcus (Rhodorhagus) , and eliminates altogether the genus 
Rhodobaclcrium . Furthermore, it is virtually impossible to decide what type of organism 
is to be designated as Rhodovibrio. This genus was described by Molisch on the basis of 
observations with impure cultures. Now it is perfectly true that one may find purple 
bacteria which agree with the characteristics of Rhodovibrio. But it is equally certain that 
under different conditions the same strains are morphologically indistinguishable from 
Rhodobacillus. Tliis is, perhaps, most strikingly illustrated by the fact that Molisch him- 
self has presented evidence to the same effect. .A painstaking comparison of the photo- 
micrographs of Rhodobacillus paluslris from a gelatin plate culture, and of Rhodovibrio 
parvus (4, Plate 1, Fig. 1, and Plate 2, Fig. 10) fails to reveal any perceptible difference 
between the two organisms. On several occasions I have isolated what appeared to be 
indubitable Rhodovibrio strains, but they have invariably shown a range of morphological 
variation which includes the most typical habitus of Rhodobacillus paluslris (4, Plate 1, 
Fig. 2). Ficc fcrsa, I have observed with all strains of the latter organism cultures which 
should be designated as characteristic Rhodovibrio cultures. 
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-Vot having been in a position to follow the develooment of • 

of a pure culture, Molisch apparently I , Rhodovtbrio pamis for lack 

some crude cultures as sufficiently distinofivp morphology of what he observed in 

genus. On the basis of o“ent ‘Ws 

^E“irir 

sine e ‘ndfv irnt f 7 Hhodocyslis clumps, and produce cultures in which 

™ “r e.Uremely rare. Yet other strains of this group, when 

grow n in liquid media giye rise to a mucilaginous sediment that can easily be redispeised. 

this case one finds few clumps; the cultures consist chiefly of capsulated chains of cells 
or even of single indiyiduals. Again, the genus Rhodocystis was created on the basis of 
observations on crude cultures ; only Rhodonosloe was apparently studied in cultures derived 
from single colonies, as witnessed by Molisch’s description of a stab culture. Although 
from my own experience I am fully convinced that there undoubtedly exist organisms 
corresponding to these genera, and which are different in several respects, Molisch’s method 
of differentiation must bo deemed much too simple. 

let another difficulty concerning the genus Rhodonostoc lies in its close similarity to 
Rhodococcus. This appears conclusively from an examination of the hundreds of photo- 
micrographs of cultures which can be recognized as belonging to either one of these genera. 
Depending upon the culture conditions one and the same strain may, also in this case, 
suggest its identity with Rhodonostoc or Rhodococcus. The close resemblance can also be 
inferred from Molisch’s own descriptions, although his illustrations show examples of 
cultures which can be easily differentiated on a morphological basis. In the description of 
Rhodonostoc capsulatum Molisch calls special attention to the brown color of this organism 
in stab cultures, and concludes: "Der braune Stich dieser Bakterie ist recht charakter- 
istiscli." (4, p. 23). But also the representatives of the genera Rhodocystis and Rhodococcus 
arc brown instead of red in stab cultures. This must have escaped Molisch’s notice because 
it is only under anaerobic conditions that the brown color of Rhodococcus is pronounced, and 
he evidently did not prepare stab cultures of Rhodococcus. 

On account of these facts it seems very doubtful whether the three genera, each with 
one or two species, should be maintained. They might, at least for the present, be more 
logically combined. There appears to be some justification for preserving the genus Rhodo- 
cystis; the group of cultures of this type is characterized by a number of properties which 
set them apart from the other brown and purple bacteria. Since, however, the most impor- 
tant diagnostic feature of Rhodocystis, viz., the occurrence of cell masses in a coiMon slirao 
capsule, is not shared by all the strains of this group, the name would be misleading. Also, 
the rather exclusive color of Molisch’s Rhodocystis gclatinosa, referred to as “pale peac - 
colored,” is characteristic only for some of this group of strains, and eves for 
all media. In yeast extract, for example, all strains are brown, though of ® ^ 

The Rhodocystis strains are the most outspokenly rod-shaped of the 
toria But even Rhodococcus develops in certain media as distinct rods. Theme j 

In view of the pseudomonas nature of the red organisms previousl} desi^ste 

generic name Rhodomonas for the species of this ^oup (153). ^ d j us of 

Wr-ver oointed out (20) that this had previously been used by Karsten 

cryptomoLs. For this reason they genus Phaeomonas 

OnBimilarEroundsiauyverandvanNieUl^)^^^^^^^ Thiswas 

to include the different brown twe^ for the genus the former 
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organism has not been characterized bj* its original author (19) in such a manner as to per- 
mit of its unequivocal identification. A careful appraisal of Ewart’s description in the light 
of our present knowledge makes it even doubtful whether his Streptococcus varians is, 
indeed, a member of the purple bacteria group. Hence the genus Phacomonas assumes a 
doubtful status. It appears, therefore, advisable to use a new generic name for which a 
more appropriate type species can be designated, or to dispense with the genus altogether. 

The former procedure would make it possible to separate the “brown” and the “red” 
non-sulfur purple bacteria into groups of generic rank. But such a separation is not as easy 
as it might seem because a number of these brown bacteria develop with a red pigment under 
aerobic conditions. Even if in the diagnosis it were specified that the brown color is typical 
only for anaerobic cultures difficulties would still arise. I have frequently observed 
distinctb' red cultures of certain of these strains under strictly anaerobic conditions, 
especially in malonate media. Furthermore, the characteristicalh" red strains of the 
Rhodobacillus palustris tj'pe appear brown in certain media. It is clear, then, that at the 
present time a satisfactorj' differentiation would have to be based upon a completely arbi- 
trary, and not even convenient, evaluation of color differences. A better understanding of 
the nature of the pigments themselves, and of their distribution in the various types may, 
of course, change the situation. 

In view of these considerations, and also of the common morphological featoes 
of both the red and brotvn groups of these purple bacteria and the verj’ small 
number of distinguishable species, it seems more appropriate to abandon such 
an attempt untU more extensive data are available to suggest the desirabUitj- of 
recognizing more than one major group. For the time being it is consequently 
proposed to classify the rod-shaped and spherical to ellipsoidal non-sulfur purple 
bacteria as a single genus, Rhodopseudomonas Czurda and Maresch, with an 
amended diagnosis. The tA^pe species is Rhodopseudomonas {Rhodobacillus) 
palustris (Molisch). 

The last genus of Molisch’s system, Rhodospirilhtm, is morphologicaUj- so dis- 
tinctive that little needs to be said about it. The existence of brown photo- 
sjmthetic spirilla has preAdoush' (153) led to the proposal of the generic name 
Phaeospirillum for these bacteria. Since the four strains of broAvn spirilla which 
I haA'e so far been able to studA' appear, apart from the color difference and a 
more pronounced tendenc 5 ' towards anaerobiosis, in all respects A'erj' similar to 
the red ones, such a generic segregation seems premature also in this case. -A.t 
present I can see no objection to classifying all the photosjmthetic spirilla as 
members of the single genus Rhodospirillum iNIolisch, Avith the tj'pe species 
Rhodospirillum rubrum (Esmarch) iMohsch. 

Ba' thus reducing the number of genera of INIolisch’s family Athiorhodaccae 
to onlj' tAvo, the difficulties inherent in his system disappear. Still, this limita- 
tion to tAvo genera is not entirely satisfactoiy. The fact is that the differences 
betAA'een e.g., Rhodobacillus palustris and Rhodospirillum rubrum do not appear 
larger nor more significant than between the former and Rhodococcus capsulaius. 
HoAA'eA'er, as has already been pointed out, the typically spherical Rhodococcus, 
itself occasionally occurring as rods, is linked to the characteristically rod-shaped 
purple bacteria by Rhodonostoc in such a manner that as yet it is too difficult to 
draAv cA’en an arbitrary line of demarkation Avhich Avould result in a more accept- 
able system. 



86 


C- B. VAN NIEL 


Gotfm 'T "" ““™s ■>"> P'OP'®'!- 

Gmus nUopmiom„m Oairia and Mairach. Emend 

.0 car^- out ^ “ST 

iir„7 m'i'T”'™* sriheita! 

. ° oxj'gen. Though some members are capable of oxidiziDv 
caSna the"^* *»*“■ f "“''' ft"** «cessory pigmente 

•« »'p- " »< 

type speciGS is modopseudornonaspalusiris (Molisch). The genus includes 
10 memkrs of Mohsch’s genera Rkodobacierium, Rhodobacillm, Rhodomlrio, 
Khodocyshs, Rhodonostoc, and Rhodococcus, as well as the genera Rhodospkaera 
Ruehanan, Rhodorhagus Bergey ct al, Rhodomonas Kluyver and van Niel, 
Phamnonas IQuj’ver and van Niel, and Rhodopseiidomonas Czurda and Maresch! 
Genus Rhodospirillum Molisch. 

Spiral-shaped bacteria, motile by means of polar flagella. Non-sporeforming, 
Gram negative. Contain bacteriochlorophyll, and are potentially photosyn- 
thctic in the presence of extraneous oxidizable substances. Molecular oxj'gen 
is not produced. Unable to live in strictly mineral media. Cultures in the light 
are brown to red, due to the formation of accessory pigments. 

The type species is Rhodospirillum mbrum (Esmarch) Molisch. The genus 
includes Phacospirillum Kluyver and van Niel. 


It Mill be noted that no mention is made of the absence of sulfur globules in 
the cells; the separation from the sulfur purple bacteria rests upon the ability of 
the latter to develop strictly autotrophically. It is conceivable that some 
Thiospirillum {TMorhodospirillum) species, none of which has so far been isolated 
or even studied \vith respect to their metabolism, may turn out to require organic 
substances. If this were the case, such species would be included in the genus 
Rhodospirillum as here outlined. I see no objection to this consequence. 


A few words must yet be said about the brown bacteria reported by Utermohi (IS). 
Describing a remarkable combination {Pelochromalinm roseum Lauterbornf) of small brown 

bacteria surrounding a larger organism, the author stated: 

“Der Hauptgrund fiir meinen Zweifel, ob die voriiegende Form wirklich zu den Purpur- 
bakterien gelidrt . . . . ist die Perbe, die durch ihr mattes braunrot auffallig yon den Mhr 
rosa- bis violcttrotcn Farbtonen der ttbrigen Purpurbaktenen absticht .... (is. P- 
"Aus Mangel an Zeit babe ich keine weiteren, mifcroohemischen Untersuchungen vorgenom- 
mcn aus Lnen die Art der Farbstoffe naher zu ersehen ware. Doch durfte aus raemen 
Boob-ichtungen hervorgehen, dass es sich bei den Hallbakferien um cme neue, den Pu^ur- 
md Chlorobakterien vergleicbbare Reiche farbstofffiihrender Baktenen J’ ^ 
iwntmen Fiirbung wegen wohl als Phaeobakterien bezeichnet werden konnen (IS, p. W ) 
»Das Binncnbaklrium mochte ich als Moma palleum, die “‘baktenen nwh dem 
decker dieses Zellverbandes als LMormola i tt evfn possible to 

The description is extremely curso^ and ‘be 
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munication; the only later reference I have been able to find occurs in an extensive paper by 
the same author on the phytoplancton of the lakes of Eastern Holstein (157). Here, how- 
ever, the section on Phaeobacteria occupies only a single paragraph, ■ndth the remark; 

“tlber diese Formen habe ich bereits an anderer Stelle ausfiihrlich berichtet (reference to 
(IS)), so dass ich mich hier sehr kurz fassen kann.” 

Until further studies will have clarified the nature of “Laufcrborniola” it is, therefore, 
necessary to omit it from the various genera now included in Rhodopseudonionas. 

III. Detailed elassification and description of the non-sidfur purple and brown 

bacteria: the species 

“For in all analysis it is the business of the analyser to get at the ultimate unities; 

when he has reached the ultimate unities it is also his business to respect them: 

further di\’ision will show acuteness, but it will not show judgment.” 

Hillaire Belloc “On the simplicity of words”. (160, p. 23) 

In the previous section it has been pointed out that the morphological char- 
acteristics on which jNIolisch based six of his seven genera of Athiorhodaceae do 
not suffice for a satisfactory differentiation of the organisms. It is true that a 
thorough familiarity with the various representatives, such as comes mth a pro- 
longed study of the gi'oup, will enable one to recognize special types which corre- 
spond more or less closely to some of INIolisch’s species. Nevertheless, the 
infoi-mation now available concerning the morpholog>' and physiologx' of a large 
number of strains should permit of a description of such types in a more imme- 
diately useful manner. 

Observations on the morphological properties of well over 150 strains, cultured 
in a large variety of media and under different conditions, have shown that none 
of the organisms can be adequately characterized by describing its size and shape 
in a single culture. In the course of time permanent slides, mosth' nigrosin 
mounts, have been prepared of all cultures that seemed of interest from the point 
of Aiew of keeping a record of these studies. Dr. Aithur L. Cohen has made 
close to 2000 photomicrographs of these slides, which have made it possible to 
compare accurately the behaAuor of indiAidual isolates. The following descrip- 
tions are based partly on this material. 

Furthermore, the interpretation of the basic plij-siological properties of this 
group has led to a study of the gi'owth of each one of the strains in the presence 
of 40 difierent, simple substrates. The technique used for these experiments 
has already been described (cf. p. 33-36). The results have revealed that there 
exist a number of close correlations between the morphological types and the 
utilizability of a variety of compounds. Since a large number of strains of each 
type was available for these studies, the range of physiological variation within 
each group can also be indicated with a fair prospect of being more or less repre- 
sentative in this respect. 

-V survey of these morphological and physiological data indicates that si.x 
groups of non-sulfur purple bacteria can readily be distinguished. Four of 
these belong to the genus Rhodopscudotnonas as prcAiously defined; the remaining 
two comi)risc the spiral-shaped organisms, united in the genus Rhodospirillurn. 

On (he whole, the various strains which constitute one such group form a rather 
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1 eahze that it v ovild be possible to stress indii-idual strain differences so as 
0 pi o\ide for a larger number of species. Hmvever, such a procedure is not at 
prepnt advisable inasmuch as the significance of the differences cannot yet be 
Cl aluated in association intli other aspects of the organisms. EspeciaUy'in the 
a isence of exten.sive observations on the constancy and variability of most of 
the physiological and biochemical characteristics of any one strain it seems more 
logical to adopt a policy in which the species are limited to groups with a number 
of correlated properties. I am wholeheartedly in agreement with the conclusion, 
reached by Parr and Robbins (161): “It is obidous that our re.sults favor the 
view that classification should be consenmtive. New species should only be 
lecognized on the basis of thoroughly weJl-worked-out cultural differences haiing 
real significance, and, if possible, correlated m'th other characters.” 


If, later, the need for a further differentiation arises, it is obmous that the 
rea.'^ons prompting if can be more readily incorporated in the manner of sub- 
division as long as details of uncertain value have not preiiously been used for 
the cias.sificafion of these organisms. 

The four groups representing the genus Rhodopseudomoms correspond, as 
far as can be ascertained, rather closelj' with the species Rhodobacillus palusiris, 
Rliodocystis gclalinosa, Rhodonostoc capsidaius and Rhodococcus capsulalm, all of 
them described by hlolisch. They vill be designated as Rhodopseitdomonas 
palustris, Rhodopscudoinonas gelatinosa, Rhodopsendomonas capstdaius, and 
Rliodopseudomonas splicroides. ^lolisch’s species Rhodococcus minor, Rhodo- 
vibrio parvus, and Rliodobaclcrium capsidalum seem to be, at least to-dajs unrecog- 


nizable entities. 

The fifth group, comprising the Rhodospirillum strains, presents a similar 
l>robIem. Also here two subgroups can readil 5 ' be segregated. The}' are com- 
posed of the red and the brown photos>mthetic spirilla respectively. Since, in 
the strains I have studied, the pigmentation is correlated vith other distinct 
morphological differences, the recognition of at least two separate species is 
indicated. But in addition, the various isolates of the red spirilla show unmis- 
takable emdence of further mutual differences. There is, consequent \ , some 
reason for increasing the number of species. Here again, mth but 
of a morphologicallv outstanding tj^pe, I have not actual!}- been able to dec , 
on tlic basis of the available data, bow a further splitting up of the 
group of rod spirilla should be carried out. This group has, therefore, been c 
sidered pro\'isiona!!v as a single species, and future investigations wi 

Ln.";- » »«c). « ~ ro«p - .. i» 

achieved in case a need for a continued subdiausion mil be felt. 
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physiological char.actcnst.es vhicwpp t rcconunemied descriptive 
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species, or because they have appeared so variable and dependent upon en^’ironmental 
conditions that no useful purpose is served in mentioning them. This latter case applies, 
for example, to the shape and size of colonies. Also, certain of the routine procedures for 
the study of pure cultures of bacteria have not been included in the present investigation 
since they did not a priori offer much promise that information of a basic nature could 
thereby be obtained. It is granted that, by so doing, the descriptions are “incomplete.’’ 
But the same may be said of the published accounts of those bacterial species whose only 
characterization is based upon the use of standardized techniques. It is not unconmion 
to find that such descriptions convey a rather misleading impression concerning the general 
nature of the organisms and their outstanding physiological functions, even though some 
arbitrary tests may serve the useful purpose of permitting a rapid differential diagnosis. 
.\n outstanding example of this has been cited by Otto Balm (15S) when he pointed out that, 
merely on the outcome of the routine tests, Hydrogcnomonas paniotropha would become 
indistinguishable from Phytomonas rascularum. This may simply mean that a more com- 
plete investigation of Hydrogcnomonas paniotropha with respect to its possible plant patho- 
genicity, and of Phytomonas vascnlarnm as a potential hydrogen oxidizing bacterium would 
actually establish their identity. In view of the recent claims (Elrod and Braun. 159) that 
Phytomonas polycolor would be the same organism as Pseudomonas aeruginosa tins would 
hardly be surprising. It only serves to bring out the fact that the ordinarily practiced 
description of a bacterium is not necessarily the most satisfactory, nor can it lay claim to 
any degree of completeness. It is to be anticipated that each particular group of micro- 
organisms can best be studied by some special methodology which would be of little use 
elsewhere. 

These introductory remarks may suffice to justify the approach here used for the following 
descriptions of the species of non-sulfur purple bacteria. Since the generic diagnoses given 
in the preceding section cover certain common features, these will not again be mentioned. 

Rliodopseitdomonas palusirts 
Synon. RhodobaciUus pahistris ^lolisch. 

Rhodovibrio parvus Moliscli. 

RItodomonas palnstn's Ixliiyver and van Xiel. 

This species is represented by 4S individual strains, obtained at various times bj’ a num- 
ber of different methods. Included are isolations from surface water and mud samples in 
Holland, California, and Cuba. The Cuban mud samples were nrade available through the 
kindness of Dr. J. Heath under whose supervision they were collected, and who forwarded 
them to me. They have been invaluable in permitting me to test the general validity of the 
specific enrichment culture methods with material from a 'far removed locality. Three 
strains were isolated from impure cultures, kindly furnished by Drs. E. Schneider, Breslau, 
and H. Gaffron, then at Berlin-Dahlem. 

Morphology, (figs. 1-3; 18-26) The bacteria are usually distinctly rod- 
shaped, although in certain media, and especially in young cultures, very short, 
vibrio-like organisms ma_v predominate. The size is extraordinarily variable, 
even for one and the same strain, and is strongly influenced by the age of the 
culture and by the composition of the medium. The most consistently short 
cells have been observed in young yeast extract cultures, especially when incu- 
bated anaerobically in the light (figs. 1, 26), or in media in which development is 
generally slow and scanty, such as in the ba.-^al medium udth malonate (figs. IS. 
21, 24). They then measure about 0.6-0.S x 1.2-2/i, and often appear slightly 
curved. More frequently the cells are considerably longer, and may attain a 
length of 10 p. 

Highly characteristic is the pronounced tendency to the formation of rather 
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iriegiilaily shaped, bent and crooked, long rods, occasionally swollen at one or 
both extremities, and fiequently suggesting branching- These forms can always 
be found in oldei cultuies, where they occur as clusteis, stiikingly reminiscent of 
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Corynehactermm and Mycobacterium species. Such cells are, as a rule, immotile. 
This beha^'ior is the most readih* distinguishing morphological feature of the 
species (figs. 3, 20, 23, 25). 

Growth in hquid media is never mucoid; the sediment which is deposited as 
the cultures gi'ow older appears homogeneous and smooth, and can readil}' be 
redispersed. 

Color. The pigment production leads to cultures varj-ing from a hght pink 
to a dark brownish red. This again depends upon the medium; where develop- 
ment is shght, as in malonate, tliiosulfate, and usualh', glj'cerol, the hghter 
shades predominate, wliile in media containing fatty acids the cultures become 
more nearly brown. 

]^Iost strains produce a water-soluble pigment which tinges the supernatant 
hquid of older cultures a clear red. 

Physiology. The development in yeast extract is not markedly influenced by 
the reaction of the medium over a range from pH 6 to 8.5. With fatty acids as 
the main substrate the combined effect of low pH and relativel.v high fatty acid 
concentration (0. 1-0.2%) may prevent gl•o\^•th. The temperature optimum is 
generally rather high, good development being possible at 37°C. In this respect 
there exist, however, strain differences, somewhat lower temperature optima 
being exliibited by isolates wliich have been maintained in pure culture for a 
long period of time. 

Characteristic odors are not observable, save that old cultures may develop 
a faint ionone-like fragi’ance. 

^lost strains are able to grow on the surface of agar plates; a few are consider- 
ably more sensitive to oxygen and develop only in stabs, in which the upper 
region may remain free of growth. Tliis behaAdor is capable of being changed, 
apparently through adaptation; some strains which behaved like true anaerobes 
when first isolated are now uninliibited by atmospheric ox^-gen tension. 

None of the strains liquefies gelatin, as sho\\'n by gelatin yeast extract stabs 
kept under observation for as long as 60 days. 

Biochemical characteristics. Outstanding among the biochemical character- 
istics, as revealed by the comparative studies in the basal medium with 40 simple 
organic compounds (See Chapter 5, Section II), are the ability to grow in tliio- 
sulfate, and the rapid and profuse development in glutarate and ethanol media. 
All strains have failed to gi-ow in solutions in which mannitol, sorbitol, glucose, 
or mannose were supplied as hydrogen donors; if the media contain an additional, 
utilizable hydrogen donor development is normal, so that the carbohydrates do 
not appear to be inhibitory. 

Though not all strains have been tested as to their ability to oxidize molecular 
hydrogen, those which have been so examined have given i30siti\'e results. 

Of the six amino acids used in this investigation (glycine, alanine, leucine, 
as])araginc. aspartic and glutamic acids) only leucine has invariably given posi- 
tive cultures; only four strains have growm feebly with alanine, six uith glutamic 
acid, three with asiiaragine, and two with aspartic acid. 

Distingui.^hiiig fcatitrrs of this species are its morphological resemblance to 
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Mycohaclcrium species, its ability to giwv with thiosulfate as oxidizabie material, 
and its inability to attack mannitol, sorbitol, and the carbohydrates. 

Enrichment cultures. In accordance vith the general biochemical character- 
i.stics of the species, it is easil3’ obtained bj’ enrichment cultures, using the basal 
medium with ethanol, glutarate, or thiosulfate. The last-mentioned solution 
will, of course, give rise to the simultaneous development of purple sulfur bac- 
teria. For this reason it is simplest to start cultures with alcohol or glutarate. 
If other non-sulfur purple bacteria are present in such abundance that the isola- 
tion of Rliodopscudomonas pahisiris presents difficulties — which, in my experi- 
ence, has never been the case — subcultures in thiosulfate medium will eliminate 
the other species almost entirel.v. 




Figs. 27-32 Rlwdopseudo, norms capsntatus. grow n anaerobically in basal modinm ruti, 

various substrates: X SOO 

27 Strain Xo 49 with Xa-i-caproate 
28’ Strain Xo. 102 with Xa-lactate 
29 ’ Strain Xo. 26 w ith Xa-propionate 
30’ Strain Xo. 26 with Xa-acetate 

31. Strain No. 42 with glucose 

32. Strain No. 44 wath fructose 


Rhodopseudomonas capsulaius 
Svnon. Rhodono&ioc capsidatus iMolisch. 

“ II I- „ Thev have been isolated 

Only 16 strains of this species are and using mud samples 

ably uniform behavior. medium, the 
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are found in media -with a pH below 7 ; they often form chains, and may thus 
present some resemblance to streptococci (figs. 27, 32, 33, 34). The rod-shaped 
bacteria are characteristic for media at a pH above 7, and the higher the pH, 
the longer are also the rods (figs. 28-30). The indi\'idual cells usuall}' measure 
slightly less than 1 jn in width, though in an alkaline environment (pH 8 or above) 
the rods are attenuated, and often not more than 0.5 n wide (fig. 30), wliile in 
the presence of glucose or fructose slightly swollen indi^'iduals can be observed 
{1.2 fi] figs. 31, 32). The length of the organisms ranges from 1 to 6 ;u; in neutral 



FiOb. 33-3S. Rhodopseiidomoitas capsulalus. grown anaerobically in basal medium with 
various substrates; X SOO. 

33 Strain Xo. 44 with Xa-i-butyrate 

34. Strain Xo. 44 with Xa-i-valerate 

35. Strain Xo. 44 with Xa-lactate 

36. Strain Xo. 102 with Xa-malonatc 

37. Strain Xo. 34 with Xa-propionatc 
3S Strain Xo. 27 with Xa-i-butyrate 


to slightly alkaline solutions the most frequent size is 2 to 2.5 p. .\t pH S or 
above an irregular, filamentous and quite abnormal growth occurs. 

Special mention should be made of the zigzaggA' arrangement of the cell« in 
chains; the angular asj^ect of the latter is so outstanding a feature that on this 
alone an identification can be based (figs. 33-38). Cultures in media at pH 8 
or above are slimy. 

Color. Practically all anaerobic cultures appear brown, the shade ranging 
from a light, yellowish-browm to a deep mahogany brown. Only in malonate 
media, where develojiment is not abundant, do the organisms produce a reddish- 
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rir^g^rt^Ln obtrvS" ^ water-soluble 
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are optimum than those ol Rhodopm,do„m«B palmRi., none develops Ta 
temperature above 30°C. ^'eiups at a 

Most cultures are practically odorless; occasionally a verv faint peach-like 
flavor has been detected. 

Glow til is not inhibited by the presence of oxi'gen. 

Gelatin liquefaction has never been observed. 

Biochemical characlerislics. Of the 40 substrates tested, the fatty acids and 
many of the .sub.stituted acids are good carbon sources. All strains grow rapidiv 
and abundantly in propionate media. Glutaric acid leads, at best, to verj- 
meager cultures; tartrate, citrate, and gluconate are not utilized. Also ethanol 
and glycerol, as well as mannitol and sorbitol, fail to produce growth. Glucose 
and fructose, on the other hand, appear to be satisfactorj- substrates, while 
mannose is not attacked. Further diagnostically valuable properties are the 
ability of all strains to grow in alanine and glutamic acid media, while they fail 
to do so with leucine. 

Thiosulfate is not oxidized; a few strains have been found capable of oxidizing 
molecular hydrogen, the others have not yet been tested in this respect. 

Dislingnisbing properties. ^^'hiIe the most useful morphological criteria are 
the browm color of anaerobic cultures and the cell-shape of the organisms, 
especially the appearance of the chains, Rhodopseudomonas capsulatus can also 
be readily distinguished from other species by its ability to grow with propionate, 
glucose, fructose, alanine, and glutamic acid, and by the absence of development 
with the above-mentioned alcohols, and with manno.=e. leucine, and thiosulfate. 

Enrichment cidhires. The organism can usually be obtained from enrichment 
cultures with any one of a number of organic acids, particularly propionic, lactic, 
and .succinic acids. Frequently this species also predominates in peptone or 
yeast extract media. Since the latter are, however, always badly contaminated 
with a large number of non-photosjmthetic bacteria, isolation may be greatly 
facilitated by one or more transfers to a propionate medium with around 0.2 c 
propionate. By streaking from successful bottle cultures on .veasf or peptone 
agar plates and incubation under aerobic conchtions in the dark, the elimination 
of some other purple bacteria can be accomplished. 

The utiliznbilitv of glucose and fructose cannot, of course, be made the basi.s of a sati- 
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Rhodopseudomonas sphcroides 
SjTion. Rhodococcits capsulaiiis Molisch 
Rhodococcus minor Molisch 
Rhodosphaera capsulata Buchanan 
Rhodorhagus capsiilatiis Bergey et al. 

Rhodosphaera minor Buchanan 
Rhodorhagus minor Bergej’ et al. 

A total of 19 strains with a number of common characteristics has been singled out as 
representatives of this species. They have been obtained in Delft. Holland, and in Cali- 
fornia from a variety of enrichment cultures, using different media and inocula. 

Morphology (figs. 7, S; 39-54). The bacteria of this group are the most nearh- 
spherical of any of the non-sulfur purple bacteria. In young cultures actively 
motile, they lose their motility with age, especially if the medium becomes alka- 
line. The size of the inditidual cells is extremely variable; without capsule they 
measure from 0.7 to as much as 4 /i in diameter (figs. 39-50). In media which 
are or become very alkaline, irregular, swollen and distorted rods are produced, 
hating the appearance of involution fomis (figs. 49; 51-54); sugar-containing 
solutions frequently give rise to egg-shaped, ovoid cells, the dimensions of wiiich 
generally vary from 2 x 2.5 to 2.5 x 3.5 g (figs. 45. 50). Although such cells 
look much more “normal” than the before-mentioned “involution forms” it 
should be i)ointed out that in cultures of one and the same strain numerous 
intermediate shapes have been found between slender, rod-shaped organisms, 
the ovoid cells, and large, bizarre forms, 2.5p wide, and often attaining a length 
of more than 10 g (figs. 49-54). 

The indiAiduals regularly occur singly, onh" rarely does one encounter .«hort 
chains. 

Considering the variable size of these bacteria it becomes clear that the recog- 
nition of species within tliis group cannot be based solely on cell dimensions, as 
practiced by ^lolisch for the separation of Rhodococcus capsulatus and Rhodo- 
coccus minor. Since furthermore the phy.siological and biochemical character- 
istics of the strains are quite homogeneous, I have deemed it desirable to recognize 
for the pi'esent onh- a single species. 

Color. As in the case of Rhodopseudomonas capsulatus, the anaerobic cultures 
of R. sphcroides are brown in color, vaiwing in shade from a light dirty gi'eenish 
to dark brown. ith but four exceptions all strains are capable of producing a 
water-soluble red pigment with the characteristic absorption maxima of 535 and 
5G5 nip. A\'hen grown in the jiresence of oxygen the organisms are distinctly red. 

Physiology. Again the pH range over which development is possible is wide, 
and extends from at least pH G to S.5. The temperature optimum is relatively 
low, and lies below 30°C. 

.Ml cultures exhiliit an unjileasant. jiutrid odor: those in which tlie pH has 
risen to 7 or above are stringy-, due to abundant mucus production. 

Xone of the strains liquefies gelatin. 

Biochemical characteristics. Cultures of this group in the ba.'^al medium with 
various substrates sliow. as a rule, much less copious development than those of 
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tlie prcs’ioiis two species. Because better results are obtained by increasing the 
amount of yea.«t c.xtract in the medium it seems likeh' that the growth-factor 
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media with the normally ii?ecl concentrations of propionic, caproic, or pelargonic 
acid has never been obtained. 


»•> 






• ti 
















g yig.fy 






Fig'- 

v.-irioiis 

.56. 

47. 

4S 

4'.) 

50 

51 


46-54. 

substr; 

i^traiii 

t'tr.ain 

^'tr.nn 

Strain 

.'Strain 

.Strain 

Strain 

Strain 

Strain 


. Rhodopsctidoiuoiias spheroidcs. grown anaerobically in basal medium with 
■ates; X SOO. 

Xo. SO with Xa-succinatc 
Xo. SO with ethanol 
1 Xo SO ith Xa-/i-valcrate 

1 Xo. SO with X’a-n-caproatc 

Xo SO with glucose 
Xo SO with X’a-)i-butyratc 
1 Xo 4S with yeast autolysate. pH S 5 

1 Xo 2S with “ “ pH 0 

1 Xo 20 with Xa-malonate 


All of the member.' of tliis group have developed in media witli tartrate, glu- 
conate. ethanol, glycerol, mannitol, sorbitol. gluco'C. frueto'e. and mannose. 
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Growtli in glucose media is accompanied bv acid production Tbp nW nf u 
media may decrease to 4.0 before development stons Thp n i ^ 

of swe both i„ ,be tzs: 

n eJ] a.s jn darkness. In illuminated cultures the acid tends to disappear later on" 

shoivn mowtr'"°r-‘^® only two strains have 

^ 0 n giouth in alamne, o in asparagine, 7 in aspartic and glutamic acids and 

J m leucine. Correlations ha\-e not been observed, however. One of the strains 
growing slightly with alanine also produced a meager culture with leucine, while 
file other developed in the presence of aspartic acid. 

Growth on the basis of thiosulfate oxidation has not been observed; and the 
three strains which have been investigated irith respect to their ability to oxidize 
hydrogen have given negative results. 

Dislmguishing charackristics are, in addition to the typical cell-shape, and the 
color of the cultures, especially the growth in tartrate and gluconate, in ethanol, 
glycerol, mannitol, sorbitol, glucose, fructose, mannose, and the failure to grow 
with thiosulfate. 

EnrichmciU cultures. Since, for the reasons given above (p. 94), glycerol, 
mannitol, sorbitol, glucose and mannose are not suited as substrates for the direct 
enrichment of this species from mud or water samples, the best method is based 
upon a combination of a number of its characteristics. Sometimes it is possible 
to isolate pure culture.s from enrichment cultures with methanol, ethanol, and 
other alcohols, with fatty acids, or with tartrate. E.xcellent results are in general 
obtained by transferring crude cultures in alcohol media to tartrate, by which 
procedure Rhodopsemlomonas palusfris, the more abundant species in the former 
medium, can gradually be eliminated while at the same time insuring an inoculum 
in which purple bacteria are present in far greater numbers than colorle.^s organ- 
isms which can Ire enriched with tartrate in the absence of air (27). Streaks on 
veast agar plates, incubated aerobieallj' in the dark, readih' lead to pure cultures. 

Eh odopseudomonas gelatinosa 
Synon. Rlwdoctjsiis gelatinosa iMolisch 

The description of this species is based upon (he study of .a group of 24 strains nith .a 
number of common characteristics. All of them have been isolated ia California, from a 
variefj' of mud samples, including some from Cuba. 

Morphology (figs. 55-66). In young cultures the cells appear as short and 

.small rods, approximatel.v 0.5 g wide, and 1 to 2 g long (figs. 
activelv motile but this is often difficult to ascertain because of the teyt c.xten 
prU,o«.n which chsc the h,dirid»l, ,o •I'™ ^ " 
n t 'll This smallest, of the Rhodopseudomonas species displat s, ! Le tl e oil c . , 
p. 15) this sm^esr ^ characteristic are the cell shape.- 

a striking morphological tanamiin. cu-nllcn and appear as 

replaced by more irregularly curved conglomerate. . 
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Since the cultures arc extraordinarily slimy, individual bacteria are only 
observable when a thorough homogenizing procedure, such as shaking with glass 
beads, is practiced. Frequently even slides made from such material still reveal 
a certain degi'ee of onentation of the elements (fig. 56). 

Color. Of diagnostic significance, which cannot yet be associated with any 
specific pigments, is the color of anaerobic cultures in most liquid media. It has 
already been likened to the color of a culture of .sulfur purple bacteria in which 
the cells are stuffed with sulfur; Molisch used the designation “peach color.” It 
is quite pale, distinctly jiinkish, and delicate. Only in yeast extract media, 
where gi’owth is considerably heavier than in the ba.sal medium with one of tlie 



Figs. 55-60. Rlwdopsctidomonas gelatinosa. Magnified X SOO 

55-57. Four-day-old yeast extract cultures of strains Xo. 57. 104, and 115 respectively; 
homogenized with glass beads, incompletely so in Fig. 56. 

5S-G0. Five-day-old homogenized cultures of strain Xo. 62, in basal medium with 
Xa-formate, acetate, and succinate rcspcctivelv. 

various organic substrates, does the appearance differ from the above; in such 
cultures the slimy cell masses appear a dirty, faded brown. 

The production of a soluble red pigment has been observed with .«ix of the 
strains. 

Physiology. In yeast extract, gi-owth has been obtained when the initial pH 
of the medium ranged from 6 to 8.5. The temperature relations of none of the 
strains are accurately known. 

The cultures possess an acrid odor, particularly when, as in yeast e.xtract, 
growth has been appreciable. 

On aerobic yeast agar plates many of the strains fail to develop, but none can 
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he co/isideted a strict anaeroJic All h-11I 

« re ativelv shallow layer of yeast extZ! ^to 

llie most outstandinff phvsiolomVni ’ “"^er aerobic condifioas 

they all licp.ef.v gelatin P’Wy ot this group of cultures is L 

ctotby miny “ growth is adversely 

Apart f,.„„ 

host single substrates appear L he ethannl ^ ^ ^tract or peptone, the 
and the amino acids alanine ncn-. • • ’ ^ ucosc, fructose, and mannose, 

» p lagme, aspartic and glutamic acids. The 




Fins GI-fiG lihudopseudomonas gclalinosa, X J'OO 

G1-G3 Scven-dny-old homogcin/cd cultures of strain Xo G7, in basal medium nitli 
Xa-acctatc, ii-hutviato. and lactate respectively. 

W-06 Tliirty-day-oJil lioniogenized cultures of strain Xo .38, in basal medium nitli 
Xn-lact.ato, ethanol, ,and aspaiagine respectively 


representatives of this gi-oup show considerable groutli also in citrate. On the 
other hand, glycerol, mannitol, sorbitol and tartrate do not alloiv development. 
Leucine gives lise to poor cultiire.s with about half of the strains; the rest do not 


grow. 

No action on tliiosulfate has been detected; whether any of the strains can 
oxidize molecular ly^drogen has not yet been investigated. 

Distinguishing characteristics. The combination of moiphologj-, particularly 
the small size of the individual cells and the stringiness of the cultures, the unu- 
sual coloi' of the ceil masses, the ability to iiquefj- gelatin and to utilize ammo 
acids and citrate serve to mark this group off sharply. Significant negative 
characteristics aie the failure to giwv in propionate, tartrate, and glycerol. 




THi: XON-PULmt PT'RPLn AND PUOWX RACTERIA 


101 


Enrichment citUiircs. Tlic most certain way for isolating representatives of this 
species consists of making enricliment cultures in ethanol, and after some sub- 
cultures in the same medium, which serve to reduce the number of colorless 
organisms introduced with the inoculum, transferring these to citrate, or to a 
medium with one of the four amino acids which support good growth. 

Since streak cultures on aerobic plates often gi\'e negative results, pour plates 
with yeast gelatin, and subculturing from liquefying colonies of purple bacteria, 
rapidly and certainly lead to the desired result. 

Table 12 may serve to summarize the most important characteristics of the 
various species of the genus Rliodopsciulomonasi here described. The key for the 
identification of the species of non-snlfur purple Iracteria, to be found in the next 
section, is in part based upon this table. 

Rhodospirillnm rubntm (Esmarch) Molisch 
S.vnon. Spirillnni rnbrum Esmarch 

Rhoclospirillnm pho'omch-iciim Molisch 
Rhodospirillitm gigantenm Molisch 
Rhodospirillum longnm Hama 
Rhodospirillum gracilc Hama 

Twenty strains of non-sulfur purple spirilla have been included in the present study. 
Sixteen of these are rod, the others brown in various culture media. The former are pro- 
visionally considered as a single species, Rhodospirillum rnbrum. One strain was originally 
obtained from the National Type Culture Collection. Lister Institute. London, and pre- 
sumably represents a subculture of the original Esmarch strain. .\11 others are new isola- 
tions, performed in Delft, Holland, and in Pacific Grove, California The source material 
for two of these was an impure culture of Rhodobacillus palustris. kindly furnished by Dr E. 
Schneider, Breslau, Germany. The remaining seventeen strains n ere isolated from enrich- 
ment cultures started with different mud and water samples. 

The comparative studx- of the sixteen red strains has revealed the existence of 
differences, especially in morphological respect. Some of these chfl’erences 
appear rather marked, even to the extent of suggesting the adr-isabihtr- of a 
segregation of distinct species (figs. 11-16; 67-96). But the variable raorphol- 
ogj- of each indixndual strain (figs. 11-16; 67-75) makes it exceedingly difficult to 
propose a rational subdivision because the customarily used and easily ascertain- 
able morphological ciiteria for characterizing spirilla overlap so considerably 
as to obliterate then- usefulness as specific characters. Furthennore, a nmnber 
of strains, when originally isolated, presented certain features which were appar- 
ently quite unlike those of prexdously studied red spuiUa. In some cases this 
must be ascribed to special culture conditions realized during the isolation pro- 
cedure; in others it appears clearly the result of gradual modifications in the 
beharior of particular strains. Xoticeable color differences which depend upon 
the composition of the culture raediimi must be assigned to the fomier categoiy; 
in the latter belong such phenomena as the earlier mentioned changes in the 
degree of tolerance for oxygen. In the course of time such initially observed 
differences have, therefore, tended to disappear more or less completeh'. Thus 
it became increasingly clear that the distinguishing features did not satisri- the 
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requirements of adequate differential characteristics. On the other hand, it has 
occasionally happened that a strain which had been in the collection for several 
years was observed to yield, upon plating, colonies of more than one type, 
especially as far as the morphology of the indi^^dual cells was concerned. 
Observations of this kind have been followed by re-isolation of each one of the 



Figs. 67-75. Rhodospinllum ritbrum. Strain Xo. 2. Magnified SOO X_. _ 

6/— 69. Fivc-dav-old. anaerobic cultures in veast extract at pH t .0. / .5, and S 0 respec- 
tively. . ' 

/O— 75. Seven-day-old. anaerobic cultures in basal medium with Xa-n-butyrate. suc- 
cinate. glutarate, malate. ethanol, and asparagine respectively. 

distinctive types, and by a careful comparison of the new isolates. The results 
have been uniform in all cases; the various sub-strains did not e.xhibit consistent 
differences either among themselves or i\'ith other members of the group. 

In vie.v of these facts it seems at present impossible to propose a satisfactory 
subdivision of the si.xteen red strains. It is, of course, possible that future 
investigations may lead to the discovers' of appropriate means for a more refined 
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classification. As in pievious instances, it would appear that attempts of this 
kind will be less hampered if at this time the common characteristic^ only are 
considered. 

As a specific name for the group of red spiiilia RJwdospiriUmn riibnim (Esmarch) 
jMolisch will be retained. It is hard to see on what basis Molisch propo=ed two 
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length is empliatically stated as extremely variable; from a gelatin culture cells 
vitli 1 to 2 or 3 turns were observed, while in broth at 37°C the indmduals were 
much longer, many measuring 30 to -10, and even up to 50 complete turns. 
i\Iigula gives more precise data, and lists the width as 1 to 1.2 fi, the length quite 
indefinite, often reaching 100 m (120, p. 1027). 

From jMolisch’s statement eoneerning Esmarch’s organism: “Wie ieh mich 
uberzeugte, enthalt dicse Bakterie Bakteriopurpurin und Bakteriochlorin . . .” 
(4, p. 25), one must olnnously conclude that he examined an authentic strain. 
Yet, iMolisch neither furnishes morphological data concerning this species, nor 
does he make clear in what particular resiiect it diffei’s from Rhodospihlliim 
phototndricuvi and RliodospiriUion gipankum, of which only the former was 
studied in pure culture. It is described as ,5 to 13 ai long and 1.4 ^ thick; the 
second species, "Sehr nahe verwandt und iibereinstimmcnd,’' was mea'-ured a.- 
9 to 70 g long by about 1.2 thick. 

Since pure culture studies have shown that also the width ma}' vary consider- 
ably in one and the same strain, I .--■ee no reason for maintaining Molisch’s species 
side by side with Rhodospirilhim nd)ru))i. 'Phe .snne argument applies to Hama’s 
Rhodospirilbtm longitm and Rhodospirilhim gracd> , both described from crude 
cultures only (50,155) and differentiated from premously described species on 
the basis of cell sizes. The latter are published as 1-1.2 fi wide liy 7-250 fi. 
generally 7-30 ai long, and 1 p wide by 5-10 m lung res|)ectively. 

Morphology. The indi\'idual colls are characteristically spu'al-shaped. How 
ever, the size of the elements is variable within rathei’ wide limits. Depending 
upon en\ironmental conditions the organisms may be from 0.5 to 1.5 p wide: in 
one and the same strain, even in a single culture — with pi'ogi’essive development 
the composition of the medium may undergo considerable changes! — the dimen- 
sions may vary this much. Also the length is far from constant; small spirilla, 
representing one-half of a complete turn, arc usually about 2 to S p long, but 
elements of 25 to 50 p in length can frequently be encountered. Xor is the length 
and width of the turns a fixed morphological character. The following data, 
pertaining to cultures of one strain and in yeast extract media onl\', may seiwe 
as an illustration. 


CELIS I SPIRALS 


^Vidth 

Length 

Width of turn 

Length of turn 

0.o~l .2/1 

2-50/1 

1-4/: 

1 .5-7/1 


In different media the variations appear even more pronounced. At the same 
time, a more or less consistent relation between the shape and size of the cells 
and the composition of the medium here becomes apparent. -Imong the most 
striking examples of this pattern is the microscopic aspect of cultures in the basal 
medium with alanine and with malate. In the former, the majority of the cells 
is found in the form of half-circles to complete rings (Figs. 91-9.3); in the lattei 
all strains exhibit a tendency towards the fonnation of elements wiiich are much 
flattened out in appearance (figs. 73; 88-90). 
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Among the special involution forms, often consisting of straightened spirals, 
niaj’ be mentioned the irregularlj'^ swollen cells characteristic of media ivith 
higher fatt}’ acids in initial concentration of over 0.05%. Such organisms stain 
hregulavly, contain fatty inclusions, and are sometimes cleariv branched (figs. 
94-96). 

None of the strains produces mucus. In calcium-deficient media the growth 
is flocculent, as if agglutinated. It mar- then form a loose to veiy compact 
sediment, or adhere to the sides of the cultm-' vessels. The majorit}’ of the 
indir'idual cells are immotile in such cultures, and l 'll masses hard to break itp. 
With an adequate supply of calcium the growth in liquid media is suspended and 




consists ot separate, maranaerabif S ” 

of this kind can readily be le-dispe sect. oceeds, a distinct layering 

distribution of the bacteria as long of individual 

becoraea appa».t upon »<>" " „iera-aeropl.ils- 
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in the region betn'cen tlie gla."^ wall and the agar surface wliere conditions are 
still sufficiently aerobic to induce development. 

All strains show a marked ab^oriition band nath a maximum at about 550 m/i 
in the intact organisms. None produces a dift’u<iljle, water-soluble pigment. 

Physiology. Growth in complex media, such as yeast extract, occurs over the 
entire range tested, i.c. from jiH 0.0 to S.5, although it is somewhat retarded in 
the most acid medium. As with other non-sulfur purple bacteria, the combina- 
tion of a high fatty acid concentration and a neutral to acid reaction may prevent 
gi'on-th. 



Pi'P^ospiriUum rubnim. X SOO 

Jl-93. Anaerobic cultures in basal medium with alanine of strains Xo. 10. 13 and 15 
respectively 

94-96. "Involution forms ” 

94. Strain Xo. 9 in acetate. 38 days 

9o Strain Xo. 10 in n-butyrate, 26 davs 

96, Strain No. 11 in glucose, 42 days. * 

The temperature optimum lies between 30 and 37°C for all strains, and varies 
slightly nith different isolates, 

^ Cultures of RhodospiriUin}} ruhrum have a distinctive odor which is, however, 
difficult to define. It is slightly putrid, and somewhat yeast-like, characteristic- 
ally different from that of other species of purple bacteria. 

Gelatin is not liquefied by any of the strains. 

Biochemical characteristics. GronTh is generally good 'uith all fatty acids 
tested, except formate and propionate, in the latter case due to too liigh a con- 
centration in the experimental media (0.2%). Xo appreciable development 
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occurs with tartrate, gluconate or eitrqfn TTfu i • 

.ahsfacto.y; glycme and leucme give rise, at best, to sliglit development' 

. ’^een found capable of using thiosulLe The few 

isolates vlnch have so far been examined for their ability to oxidize molecular 
hydrogen have given positive results. uoitcuiai 

Dijlinguishing -properties. The most important characteristics of the species 
are the spiral shape combined with the ability to produce a red pigment irifh a 
definite absorption maximum at 550 nm in the intact cells. Diagnoriicallv 
useful also are the good growth in ethanol, alanine, asparagine, aspartic and 
glutamic acid media, and the unsuitability of carbohvdrates and thio.siilfatc as 
substrates. 

Enrichment cultures. Most enrichment cultures for non-sulfur purple bacteria 
contain a larger or smaller proportion of Rhodospirillum ruhrmn cells. Agar 
sliakes from such crude cultures therefore seldom fail to reveal the dark red 


colonies of this .species. More specific enrichment cultures consist of such with 
various simple alcohols, especially ethanol and n-amyl alcohol, or with alanine. 
By combining its ability to grow in media with both types of substrates it is 
possible to aciiiei'c regularly enrichment cultures in which the majority of 
organisms consist of Ehodospirillum ruhrum. In order to forestall an exce.ssivc 
development of Rhodopscudomonas paluslris it is best to start with alanine 
media, followed after one or two transfers by cultures in ethanol. The growth 
of Rhodopscudomonas capsulatus is therebj' eliminated, while Rhodopscudomonas 
gclaiinosa can readily be outgrown by Rhodospirillum rubrum, especially if the 
concentration of 3 ’east autolysate in the enrichment medium does not exceed 
0 2 %. 


Rhodospirillum fulvum 


Clearly diffoi'entiated from the red Rhodospirillum nthrum strains are the brown 
photosynthetic spirilla. They are here assembled as a single specie.*, Rhodo^ 
spirillum fulvum, readily distinguishable on the basis of a number of morpho- 
logical and physiological characteristics. Such organisms have not before been 
described in sufficient detail to make them recognizable, although MoBch and 
Buder, referring to Rhodospirillum spec., have undoubtedlj' recorded oi)=erya- 
tions made with representatives of this type. (See pp. CC-G 8 j. For tins 
reason a new name has been used here, emphasizing one of the obviou.* tliiier- 
encGS from Rhodospirillum rubrum. 


u*™.* .1.0 r.., of b-..-. .p«ai» ^ 

investigated as extensively “he most sensitive members of tl.e group, and 

beginning they have appeared to be by I„ spite of frepuent 

could not be cultured except under comp.irative physiological and 
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The following description rests, therefore, mainly on the behavior of a single isolate. 
Even though the more striking general characteristics have been ascertained for all four 
strains, this seriously limits its value 

Morphology (figs. 97-102). Characteristic for the species is the veiy small 
size of the individual cells. According to the available data, they are not over 
0.5 p thick, and rarely longer than 2.5 p. A single complete turn of about 1 by 
1.5/1 represents the most common ."hajic. In media with a higher fatty acid as 
a substrate the spirals aiipear steeper than in succinate, fumarate, and malate 
cultures. But the difference is not great and, in new of the minute size of the 
cells, difficult to appreciate. 



Figs. 97-102. Rhodospirilhim fiilvuiii. X SOO. 

Anaerobic cultures of strain Xo. 123 in basal medium with Xa-n-but_vrate, n-caproate, 
pelargonate, fumarate, malate, and succinate respectively. 


Swollen mdi\'iduals with a resemblance to nbrios can be encountered in 
cultures which do not appear too healthy. They have been considered as involu- 
tion forms. 

Formation of mucus or clumping in liquid cultures has not been observed. 

Color. Quite as distinctive as the size is the color of this species. Individual 
colonies and stab cultures appear reddish-brown; the shade of certain liquid 
cultures can be described more accurately as brownish-orange. In agi-eement 
hereuTth is the fact that the absorption maximum at 550 mp, so characteiistic 
for the red spirilla, is absent in cultures of RlwdospiriUimi fidviirn. The produc- 
tion of water-soluble, diffusible pigments has not been observed. 

Physiology. Xo detailed information concerning the effect of the reaction of 
the medium and of terapei'ature on the der'elopment of the brown spirilla is 
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Sfacliof ^ 0 -C. None he canoed eel.lin 

Ihe beha^^or towards oxygen indicates that the organism is a strict anaemliP- 
c eve opment in media exposed to air has invariablj^ failed to occur Even in 
deep yeast apr columns, rapidly cooled and heavily inoculated by a stab immccli- 
. tc ly aftei stenlization growth is very uncertain if the medium is left without a 
seal. ^ If a culture is obtained, the upper part, extending over at least 5 cm., 
remains blank, and subcultures generally fail after more than 10 days. 

In agi-eement with this behavior is the strongly negative aerotaxis, spectacu- 
arly evident in liquid media. After lifting the stopper of a uniformly turbid 
bottle culture, the bacteria disappear rapidly from the upper la3'ers, and in a 
short period of time the liquid becomes entirely clear nith the organisms aggre- 
gated at the bottom. Here they may remain actively motile for more than 24 
hours proidded the culture is not shaken. 


Several attempts at adaptation to oxygen have been made, but all with nega- 
tive results. 

Biochemical characteristics. Fatt3’- acids and the four-carbon dicarbo.\3dic 
acids are unifornil3' good substrates, while glutaric acid has proved unsuitable 
for the one strain studied. Abundant development of this isolate has also been 
observed with ethanol and, curiousb', inth glucose as a substrate. Other 
carbohydrates and the corresponding pol3'alcohols have given negative results. 
Aspartic acid is the only amino acid which has served as a satisfactory substrate. 
Thiosulfate is not utilized. No data are available vith respect to the oxidation 
of molecular hydrogen. 

Not too much value should be attached to these findings since they are limited 
to the behavior of a single strain, and, in some cases (glucose, for example) to a 
single experiment. 

Distinguishing properties. The small size of the cells and the color serve as 
sufficiently characteristic criteria to distinguish this species from the red spirilla. 
The strictl3' anaerobic nature and the failure to grow vith glutarate and various 
amino acids except aspartate ma3'' be used as supplementar3^ specific properties 
for this organism. 

Enrichment cultures. The present information is entirely inadequate to senv 
as a guide for selecting specific enrichment media. Successful isolations ai e 
been achieved with caprylate and pelargonate media. 'Whether t i.s is gen 
erally satisfactory must, however, await the accumulation of more e.vtensne 


bservations. 

F. Keys for the identification of the species of ihe non-sulfur purple and hrown 

bacteria 

Tl» of only favo genen. and * «.«»8 

,r biochemical characters. 
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Dichotomous keys can be adequate^' constructed for any one of these various 
properties. Depending upon the nature of the characters used, one species can 
usuall}’ be singled out immediately. The following ke 3 's are examples of some 
possible arrangements. 

Key for the determination of genera: 

1. Cells rod-shaped or spherical, not spiral-shaped Genus Rhodopseudomonas 

2. Cells spiral-shaped Genus Rhodospirillvm 

Key for the determination of Rhosopscudomonas species based upon morphological characters 

1. a. Cells clearly rod-shaped in all media . 2 

b. Cells more or less spherical in media at pH below 7 3 

2. a. Cells short, somewhat curved, to long branched rods, size 0.7-0.8 by 1.2-2 p, do not 

form mucus, liquid cultures evenly turbid. Color red to dark brown-red 

. . . . Rhodopseudomonas palustris 

b. Cells slender rods, 0.5 bj’ 1.2 ft, usually clumped together in extensive slime masses. 
Cultures pale brown to peach-colored . . Rhodopseudomonas gelatinosa 

3. a. In media at pH above 7 clearly rod-shaped, 1 by 1-2.5 ft. Chains of cells frequent 

in zigzag arrangement Rhodopseudomonas capsulalus 

b. In media at pH above 7 cells still predominantly spherical, 0.7-4 p. in diameter. 
Mostly single, no chain formation Rhodopseudomonas spheroides 

Key for the determination of Rhodopseudomonas species, principally based upon physiological 
properties. 

1. a. Gelatin liquefied. .. . Rhodopseudomonas gelatinosa 

b. Gelatin not liquefied. 2 

2. a. Do not produce mucus in media at pH above 8. Color the same under aerobic and 

anaerobic conditions • Rhodopseudomonas palustris 

b. Produce mucus in media at pH above 8. Color brown under anaerobic, red under 
aerobic conditions ^ 

3. a. Develop readily in media with 0.2% propionate as the main substrate. Mucus 

production marked at pH above 8 Rhodopseudomonas capsulatus 

b. Do not develop in media with 0.2% propionate as the main substrate. Slime forma- 
tion evident at pH above 7.0 Rhodopseudomonas spheroides 

Key for determination of Rhodopseudomonas species mainly based upon biochemical properties. 

1. a. Thiosulfate used as main oxidation substrate Rhodopseudomonas palustris 

b. Thiosulfate not used ^ 

2. a. Propionate (0.2%) used Rhodopseudomonas capsulatus 

b. Propionate not used .... ^ 

3. a. Mannitol and sorbose utilized . • • Rhodopseudomonas spheroides 

b. Mannitol and sorbose not utilized ... Rhodopseudomonas gelatinosa 

Key for the determination of Rhodospirillum species. 

1. Cultures red; cells over 0.5 ft, usually about 1—1.2 ft wide .Rhodospirillum rubrum 

2. Cultures brown to orange; cells 0.5 ft or less in width Rhodospirillum fuloum 
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CORRECTION 


In the review on The hlode of Action of SuKonamides, by Richard J. 
Henry (Bact. Revs., 7, 175-262, 1943) questions were raised with regard to 
certain experiments by H. I. Kohn and J. S. Harris (J. Pharmacol., 73, 343- 
361, 1941) because in the original article it was not made entirely clear that 
the pH was adequately controlled in these experiments. Subsequent data 
communicated by the authors indicate, however, that the pH was controlled. 
This removes the basis for the question raised. 






EARLY AIMERICAK PUBLICATIONS RELATING TO BACTERIOLOGY 
I. Textbooks, jMcxographs, Addresses, Etc. 

L. S. McCldxg' 

hidiana JJniversUy, Bloomington, Ind. 
the assistance of Morris L. Lrikin'd, Librarj* of Congress) 

The Co mmi ttee on Archives of the Societ}- of American Bacteriologists is 
endeavoring to collect regional histories of the beginnings of bacteriologj' in 
America. Several of these have been published as noted by the Chairman of 
the Committee, Dr. Barnett Cohen-. As a possible aid in this program, a com- 
pilation has been made of certain pubhcations that have appeared during the 
earty years (through 1915). An immense volume of literature has been released 
in this period, but only one gi’oup of publications is presented in this paper. This, 
as the title indicates, comprises textbooks, laboratorj- manuals, monographs, 
and other longer treatises. Included also are certain compilations, tracts and 
addresses, which were published independently, or repiinted from the official 
records of various organizations. 

We have omitted purposely, reser\'ing these entries for possible later publica- 
tion, the original journal articles and the bulletins, circulars or other official 
publications of the several governmental agencies. For the reason that our 
records are as 3 "et incomplete, and because the}’ form a separate unit, the list 
of published doctoral disseidations is omitted for the present. The majority of 
these appear to occur, at least in abbreviated form, as journal articles. The 
earl}’- reports of the Smithsonian Institution and other organizations, and the 
Proceedings of the various State Academies of Science are 3 ’et to be searched. 

It is possible that the future will reveal additional titles, which should have 
been included in this hst, although it is hoped that no serious omissions have 
occurred®. To minimize this, paibicular attention has been directed to the card 
catalogues of the several libraries listed below to obtain titles which were later- 
verified. The general list was checked against the Union Catalogue of the 
Librar}’ of Congress. The libraries used in the preparation of this list include 
the following: Librar}’" of Congress; Librar}’ of the United States Depai-tment of 
Agriculture; Arm}’- hledical librar}^; New York Public Librar}’; Han’ard IMedical 
Librar}’^; Boston hledical Librar}’-; Yale Universit}’, School of jMedicine Librarx’; 
Columbia Universit}’^, Librar}-- of the College of Ph 3 ’sicians and Surgeons; Johns 
Hopkins Universit}^, School of Medicine Librai-}-; John Crerar Librai-}' (including 
the Union Catalogrre of Chicago libraries); the agr-icultural, general, and medical 
libraries of the Universit}’ of Wisconsin; and the general librar}- of Indiana Uni- 

' Fellow of The John Simon Guggenheim Memorial Foundation, 1939-TO. 

- Cohen, Barnett The History Programs of the Society of American Bacteriologists. 
Bull Inst. Hist. Med ,1940,8,312-313. 

- The author will welcome information on any omissions. 
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oi several of these hbranes during the course of other studies to which the mnior 
portion of the fellowship time w’as devoted. 

conserving space an al- 

phnbetical list, by senior author, of al! entries is given in Section I. This permits 
the shortening of the entries for second and later editions of the works cited. 
This alphabetical listmg should appeal also to those who may require this compila- 
tion at any time for checking or reference purposes. Although they have been 
noted whenever found, complete entries have not included reprints of various 
titles with changes in the date of publication, unless a new edition was an- 
nounced on the title page or otherwise noted. Without question, additional 
reprint editions must be in existence, but there is no adequate system for the 
thorough checking of these since the reprints generally were not copyrighted. 
A chronological list of authors is given in Section II; the corresponding titles 
may be obtained easily by reference to Section I. 

It has been difficult indeed to determine the limits of subject matter qualifying 
a work for inclusion in our list. So far as possible, we have interpreted the term 
“bacteriology” in the strict sense though admitting that it has been difficult 
at times to decide between bacteriology and one of its sister sciences, pathology, 
public health, etc. Usually, for example, a monograph relating to pathology is 
included only if it contains a chapter or a section directly concerned with bacteria 
or bacteriological techniques. These references, when cited, have been included 
to show the early relationships between the sciences, but it has not been possible 
to search out a complete list of this type of material. 

We have included translations of foreign publications when the translation 
was made by an American. It will be noted that such translations have fre- 
quently formed the background for a text developed later by the translator. 
One entry by a Swedish investigator, Arrhenius, is included since it represents 
a series of lectures delivered at an American university. Occasional references 
are included to publications by Americans in other countries. All other entries, 
so far as we have been able to determine, are from authors who were Americans 
living and w’orking in this country. 

A small attempt has been made to introduce descriptive notes or comments 
in the case of certain entries. For the sake of convenience and 

has been made of the notation employed m the Library of Congress Catalogue. 


use 


Section I 


alphabetical LISTOT AUTHORS AND THE TITLESOFTHEIBWORKS 

bott, Alexander Crbveb, 1860-1935 modes of dissemination, and 
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The principles of bacteriology: a practical manual for students and physicians. 
Philadelphia, Lea brothers and co., 1S92. viii, [13]-263 p. illus. 


2d ed., enl. and thoroughly rev. With 94 illustrations, of which 17 are 

colored. 1S94. xi, [13 ]-471 p. illus. (part col.) 


3d ed., enl. and thoroughly rev. With 9S illustrations, of which 17 are 

colored. 1S95. xii, [13]— 193 p. illus. (part col.) diagrs. 


4th ed., enl. and thoroughly rev . . . Philadelphia and New York, Lea 

brothers and co., 1S97. xii, [13 [-543 p. illus. (part col.) diagrs. 


5th ed., enl. and thoroughly rev. With 109 illustrations, of which 26 are 

colored. 1899. xi, 17-590 p. illus. (part col.) 

6th cd., enl. and thoroughly rev. With 111 illustrations, of which 26 are 

colored. 1902. xi, 17-641 p. incl. illus. (part col.) diagrs. 


7th ed., enl. and thoroughly rev. With 100 illustrations, of which 24 are 

colored. 1905. xi, 17-689 ji. illus. (part col.) diagrs. 


Sth cd., thoroughly rev. With 100 illustrations, 26 of which are colored. 

Pliiladelphia and New York, Lea and Febiger, 1909. xi, 17-631 p. illus. (part col.) 
col. pi. 


9th ed., thoroughly rev., with 113 illustrations, 28 of which are colored. 

1915. X, 17-650 p. illus. (part col.) col. plates, diagrs. 

Allex, Richard WiLLiAii, 1876- 

The bacterial diseases of respiration, and vaccines in their treatment. Philadelphia, 
P. Blakiston’s son and co., 1913. x,236 p. illus., x pi., fold, diagr. [“Most of the matter 
. . . has already appeared as a series of articles in . . . the Journal of Vaccine Therapy 
from February, 1912, to Januarj', 1913, inclusive. These have been rei-iscd and fresh 
matter included . . .” — Pref.] 

American public health association. 

Disinfection and chsinfectants: their application and use in the prevention and 
treatment of disease, and in public and private sanitation. By the Committee on dis- 
infectants, appointed b 5 ' the American public health association. Concord, N. H., 
Republican press association, 1888. 266 p. [First issued in 3 parts as the Report of 
the Committee on disinfectants, for the years 1885-87, respectively.) 


Report of the Committee on disinfectants of the .(American public health association. 
1885- Baltimore, 1885- v. illus. 


Public health. The Lomb prize essa 3 's. .Award made at the thirteenth annual 
meeting of the American public health association, Washington, D. C., Dec. 10, 1885. 
With an appendix. 1886. 2 p. 1., 198 p. illus. [The essaj's are also published sepa- 
rately in pamphlet form. Contents. — Healthj- homes and food for the working classes. 
Bj’ Y. C. Vaughan. — The sanitarj' conditions and necessities of school houses and 
school life. Bj' D. F. Lincoln. — Disinfection and individual prophj'laxis against in- 
fectious diseases. Bj* G. AI. Sternberg. — Preventable causes of disease, injury, and 
death in .American manufactories and workshops . . . Bj- G. H. Ireland. — .Appendix.) 


Procedures recommended for the studj’ of bacteria, with especial reference to greater 
uniformitj' in the description and differentiation of species. Being the report of a com- 
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American public healtb association. Laboratory section 

tion n"f e.vaminalion of milk and the bacterial examina 

tion fnitonf °mO?I 48 n American public health associa- 

f “"dard methods of xvater analysis to the Laboratoo' sec- 
n Yen- P"W.c health association, presented at the Havana meeting, Janu- 

aiy 9, 190o . . . Chicago, 1905. 1 p. 1., 141 p. (Reprinted from the Journal of Infectious 
Vtsoasoa, supplement, no. I, May 1905.] 


. . . Standard methods for the examination of water and sewage. 2d ed. New York, 
American public health association, 1912. vi, 144 p. [First edition, 1905, has title: 
Report of Committee on standard methods of water analysis to the Laboratory section 
of the American public health association.] 

.Ymcrican school of correspondence, Chicago. 

Bacteriologj' and sanitation; instruction paper, prepared by Glenn MfoodyJ Hobbs 
. . . Chicago, 111., American school of correspondence ['1909] 1 p. 1., 77, [4] p. front., 
illus. (Contains also Examination paper.] 


Water supply; a treatise on the sources, distribution, and consumption of water for 
commercial and domestic uses, and modern practice in the construction of icatcr works 
and purification plants, by Frederick E. Turneaure . . . Chicago, American school 
of correspondence, 1908. 3 p. 1., 143 p. front., illus., plates. 

American school of home economics, Chicago. 

Handbook of health and nursing; a complete home-study course, comprising: House- 
hold bacteriology, by S. Maria Elliott . . . Personal hygiene, by Maurice Lc Bo.squot 
. . . Home caro of the sick, by Amy E. Pope . . . Chicago, American school of home 
economics, 1912. 3 v. in 1. illus., plates. [Each part previously issued separately 
and contains bibliography. ] 

. . Anatomy, physiology, pathology, bacteriology, dictionary ; ed. by W [illiam ] Afugustus ] 
Evans, M.S., M.D., Adolph Gehrmann, M.D., William Healy, A.B., M.D., Chicago, 
The year book publishers, 19M-06. [The practical medicine series of year books . . . ] 


174 p. 


Anonymous ^ 

A manual of biological therapeutics. Press of Parke, Davis and co., 1914. 

Abchinabd, Pauu Emile. 

. . .Microscopy and bacteriology. A manual 
illustrated with seventy-four engravings. Philadelphia and New 5 ork, Le.a brothers 
and co. [1903 J. 11, 17-210 p. illus., IT col. pi. [The medical epitome senes) 


Microscopy bacteriology, and human parasitology'. A manual for fWdents 

S\X plates. Philadelphia and New York, Lea and Febiger [ 1912). 2 p. 1 , 
illus., VI col. pi. [The medical epitome senes] 
aBHENius, Svante August, 1859--1927, principles of physical chemistry to the 

fornia, during the summer session of ISW- Tref.J 
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Ayers, S. H. See Biological Studies by the pupils of Vrilliam Thompson Sedgwick. 

Babcock, W. 'W.^yke. See Shattock, Samuel George. 

Bale, Mich.ael Valextixe, 1868- 

. . . Essentials of bacteriology'; being a concise and systematic introduction to the 
study of microorganisms . . . With seventy-seven illustrations, some in colors. Phila- 
delphia, W. B. Saunders, 1891. xii, [17 ]-159 p. inch front., illus. [Saunders’ question 
compends, no. 20] 


2d ed. With eighty-one illustrations . . . and five plates. 1893. xiv, 

[17]-205 p. inch front., illus. V pi. [Saunders' question compends, no. 20] 


3d ed., rev. With eighty-one illustrations . . . and five plates. 1897. 

3 p. 1., xi-xvi, [17]-21S p. front., illus., V pi. [Saunders’ question compends, no. 20] 


4th ed., rev. 1900, 236 p. illus. [Saunders’ question compends, no. 20] 


5th ed., thoroughly rev. by Karl M. Vogel . . . With ninety -six illustra- 
tions, some in colors, and six plates. Philadelphia [etc.] W. B. Saunders and com- 
pany, 1904. [Also, 1907.] 243 p. inch front., illus. (part col.) VI pi. [Saunders’ 
question-compends, no. 20] 


6th ed., thoroughly rev. With 135 illustrations, some in colors. 1908. 

290 p. inch front., illus. (pan col.) tables. [Saunders’ question-compends, no. 20] 


by jNI. V. Ball . . . assisted by Paul G [arfield] Weston, 7th ed., thoroughly 

rev. With 118 illustrations, some in colors. 1913. 3 p. 1., 9-321 p. inch front., illus. 
(part col.) tables. [Saunders’ question-compends, no. 20] 

Barker, Lewellys F. See Langfeld, Millard. 

Barxes, Carl Lewis. 

Contagious and infectious diseases; disinfection and disinfectants. An introduction 
to the subject by Carl L. Barnes . . . [Chicago, The Trade periodical co., 1903] 3 p. 

I. , 374 p. illus., plates. 

Be.vch, Bexxett Sheldox. 

. . . Histology, pathology, and bacteriology. A manual for students and practitioners. 
Philadelphia, Lea brothera and co. ['1892] 8, 17-165 p. [Students’ quiz series] 

Be.wi, Willi-am. See Leffnian, Henry. 

Behrixg, Emil .Adolph vox, 1854-1917. 

The suppression of tuberculosis, together with Observations concerning phthisiogene- 
sis in man and animals and Suggestions concerning the hygiene of cow stables and the 
production of milk for infant feeding, with special reference to tuberculosis. . . . .Au- 
thorized translation by Charles Bolduan, M.D. 1st ed. 1st thousand. New York, 

J. Wiley and sons; London, Chapman and Hall, limited, 1904. V, 85 p. 

Belcher, S.arah Drowxe, “Mrs. E. R. Hardy,” 1864- 

Clean milk, by S. D. Belcher . . . with an introduction by William Hallock Park . . . 
New York, The Hardy publishing company, 1903. 146 p. front., 23 pi. 

Belfield, Willlam Tho.mas, 1856- 

On the relations of micro-organisms to disease. The Cartwright lectures, delivered 
before the .Alumni association of the College of physicians and surgeons. New A'ork, 
Feburary 19,21, 24, and 27, 1883. New York, Trow’s printing and bookbinding co., 1883. 
131 p. illus. [Reprinted from the Medical record. February and March, 1883. Slip 
pasted over imprint reads : Chicago, W. T. Keener, 1883. ] 

Berx.ays, Augustus C. See Buchanan, Charles Milton. 

Bev.ax, David. See Coplin, William IMichael Late, 

Biggs, Her.m.axx Mich.ael, (tr.) See Hueppe, Ferdinand .Adolph Theophil. 
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BiGNAXti, A. See Marchiafava, Ettore. 

Bioleto, P. T. See Marshall, Charles Edward, (ed ) 

lion of (he ‘"enty-fifth anniversary of doctorate. Boston (Printed at the University 

pLfer G%^''EvneS;enr‘f’ 3 pi., diagrs. [Partial Conical',: 

ujier, C. » . E.xpenmental methods as applied to water- and sewage-works for hrco 

commumti^^Leighton, M. 0. The futility of a sanitary water analysis L a tot of 
potability. Mipple, G. C, The value of pure water.-Jordan, E. 6. Experiments 
with bacterial enrymes.-Stiles, P. G., and Milliken, C. S. An instance of the ap- 
parent antitoxic action of salts.—Winslow, C.-E. A., and Rogers, A. F. A statistical 
study of generic characters in the Coccoccae.-Prescott, S. C. The occurrence of or- 
ganisms of sanitary significance on grains.-Gage, S. De M. A study of the numbers 
of b.acf eria developing at different temperatures and of the ratios between such numbers 
with reference to their significance in the interpretation of water analysis.— Winslow, 
C.-E. A,, and Lochridge, E. E. The toxic effect of certain acids upon typhoid and 
colon bacilli in relation to the degree of their dissociation.— Phelps, E. B. The in- 
hibiting effect of certain organic substances upon the germicidal action of copper sul- 
phate. — Jackson, D. D. A new solution for the presumptive test for Bacillus coU.~ 
Ayers, S. H. B. coli in market oysters. — ^\Vadsworth, Augustus. Studies on simple 
and differential methods of staining encapsulated pneumococci in smear and section. — 
Kendall, A. I. An apparatus for testing the value of fumigating agents.— Rickards, 
B. R. Notes on a case of apparent pulmonary tuberculosis associated with the constant 
presence of diphtheria-like organisms in the sputum.] 

Birge, EfDw.ynn] A(8 .vhee]. 

Synopsis of a course of University extension lectures on bacteriologj’. Madison, 
State jourmal printing co., 15 p., 1892. 

Black, Greene Vakdiuak, IS36-19I5. 

The formation of poisons bj' micro-organisms. A biological study of the germ theory 
of disease. Philadelphia,?. Blakiston, son and co. ,1884. vi p., 1 1., [11 1-178 p. ' 
Bolduan, Charles Frederick, 1873- 

Applied bacteriology for nurses, by Charles F. Bolduan . . . and Marie Grund . . . 
Philadelphia and London, W. B. Saunders company, 1913. 166 p. iilus., II col. pi. 

Immune sera; a concise exposition of our present knowledge concerning the consti- 
tution and mode of action of antitoxins, agglutinins, haemolysins, bacteriolysms, 
precipitins, cytotoxins, and opsonins . . . 2d ed.. rewritten. 1st thousand. Aew lork, 
J.WiW and sons; [etc., etc. 1 1907. viii, IM P- illus. (“This book has its ongm m a 
monograph by Professor Wassermann, a translation of which was published bj the 
author in 1904 under the title ‘Immune sera’. IVhile much of the matenal 
in that book will be found in the present volume, it has been °han- 

cuss more fully the original topics, and to widen the scope of the book bj adding 

ters. . . Pref.l 


3d ed., enl. 1st thousand. 190S. viii, 176 p. Ulus. 


Immune sera; a concise exposition of the main facts and theories 

4th ed rewritten and enl. 1st thousand. 1911- -'b ! 

oZXcnJfs FtnEHiCK. See Behring. Emil Adolph von. 

See Dieudonne, Adolf. 

See Ehrlich, Paul. 

_ See Rostocki, Otto. 

„ See Wassermann, .August von. 

. CniniysF See Nuttall, G. 11. A . 
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Bordet, Jules. 

Studies in immunity by Professor Jules Bordet . . . and his collaborators; collected 
and tr. by Frederick P. Gay . . . including a chapter written expressly for this publi- 
cation by Professor Bordet. 1st ed. 1st thousand. New York, J. Wiley and sons; 
[etc., etc.] 1909. vii, 545 p. front, (port.) 

Bowhill, Thomas. 

^lanual of bacteriological technique and special bacteriologj* . . . with one hundred 
original illustrations. New York, W. Wood and company, 1899. xii, 2S4 p. illus., 
plates. 

Broca, A. See Senn, Nicholas. 

Brooks, Henry T. See Lenhartz, Hermann. 

Buchanan, Charles !Milton, 1868-1920. 

Antisepsis and antiseptics. With an introduction by Professor Augustus C. Bernays. 
Newark, N. J., Terhune co., 1895. xvi, [3]-352 p. front. (5 port.) plates. 

Buchanan, ilfrs. Estelle Denis (Fogel) 1876- 

Household bacteriologj' for students in domestic science, by Estelle D. Buchanan 
. . . and Robert Earle Buchanan . . . New York, The Macmillan company, 1913. [Also 
1914] XV, 536 p. illus. 

Buch.^nan, John, M.D. 

An encyclopedia of the practice of medicine, based on bacteriologj*. 1st ed. New 
York, R. R. Russell, 1890. 1 p. 1., 11-1453 p. illus- 

Buchanan, Robert E.a.rle, 1883- 

Veterinary bacteriologj’; a treatise on the bacteria, yeasts, molds, and protozoa 
pathogenic for domestic animals . . . with 214 illustrations. Philadelphia and London, 
W. B. Saunders company, 1911. 1 p. 1., 9-516 p. illus. [“A reinsion of the lectures 
on veterinary bacteriologj- given during the past sis years to classes in the Dmsion of 
veterinary medicine in the Iowa state college.”] 

Buchanan, Robert E.'I.rle. See Buchanan, Mrs. Estelle Denis. 

See Marshall, Charles Edward, cd. 

Burnham, Frederick W. E. 

Haemocytes and haemic infections; a hand-book for students and practitioners, with 
two hundred and twenty-six microphotograms by the author. 1st ed. Winnipeg, 
Manitoba [Akron, O., The New Werner company] 1913. 462 p. inch illus., plates. 

Caldwell, Charles, 1772-1853. 

An address to the Philadelphia medial society, on the analogies between yellow fever 
and true plague, delivered, by appointment, on the 20th of February, 1801. Phila- 
delphia, Printed by Thomas and William Bradford, booksellers and stationers, no. 8, 
South F ront street . 1801 . viii , 44 p . 


A semi-annual oration, on the origin of pestilential diseases, delivered before the 
Academy of medicine of Philadelphia, on the 17th day of December, 1798. Phila- 
delphia, Printed by T. and S. F. Bradford, 1799. Nii, [13]-59 p. 

C.\,REY, Harry W.^rdell, 1875- 

An introduction to bacteriology for nurses . . . Philadelphia, F. A. Davis company; 
[etc., etc.] 1915. vii, 144 p. illus. 

C.^rter, Willi.am S. (comp.) 

Notes on the lectures of Prof. John Guiteras on general and special pathologvq de- 
livered before the second and third j’ear students of the University of Pennsylvania; 
and on the lectures of Dr. Joseph McFarland on bacteriologj-, delivered before the third 
year class. Arranged by Dr. William S. Carter and Dr. David Riesman . . . [Phila- 
delphia, Avil printing co., 1895] 246, 56 p. illus. 

C.^SHiN, John E. See Pfingst, Adolph O. 

Chadwick, French Ensor, 1844- 

Temperament, disease and health. New York, [etc.] G. P. Putnam’s sons, 1892. 
vi, 85p. 
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Chapin, Charnes Value, 1856- 

Municipai sanitation in the United States 
and Parnham, 1901. viii.970p. 


dins. Providence, Rhode Island, Snow 


The sources and modes of infection 
and sons; [etc., etc.) 1910. ix, 399 p. 


. 1st ed. 1st thousand. 


^.'ew Vorfc, J. iniev 


M ed., rev. and enl., first thousand, 1912. xf 4 Si r, 

' Dwjnnr -m, p. 


. am 

OiiAPix, Hknry Dwight, 1857- 

Chester, Frederick Dixon, 1861- 

A manual of determinative bacteriology, by Frederick D. Chester . . . New York 
rile Macmillan company; London, Macmillan and co., ltd., 1901 vi d 11 40 ! n' 
illus. ■ ' ‘ 

Chicago. University. 


. . . Investigations representing the departments; zodlog}-, anatomy, physiolog}-, 
neurology, botany, pathology, bacteriology . . . Chicago, The University of Chicago 
press, 1903. .x, 396 p. illus., x.\.\-ix pi. (part col.) [Chicago. University, The 
decennial publications. First series, vol. x Partial Contents.— The self-purification 
of streams, by E. 0. Jordan.) 

Chrystie, Walter. See Hare, Hobart Amory. 

Citron, Julius Bernhard. 

Immunity; methods of diagnosis and therapy and their practical application . . . tr. 
from the German and ed, by A. L. Garbat ... 27 illustrations, 2 colored plates andS 
charts. Philadelphia, P. Blakiston’s son and co., 1912. ,\iii, 209 p. illus. (inch 
charts) 2 col. pi. 


. . . tr. from the German and ed. by A. L. Garbat ... 2d ed., rev. and 

enl.; 30 illustrations, 2 colored plates and S charts. Philadelphia, P. Blakiston’s son 
and co. ['1914] xvii, 267 p. illus (incl. charts) 2 col. pi., tables. 

Cohn, Ferdinand Julius, 182S-189S. 

Bacteria: the smallest of living organisms. Tr. by Charles S. Dolley . . . Rochester, 
N. Y. [Press of F. D. Pfainney] 1881. 30 p. pi. 


Hber bakterien, die kleinsten lebenden wesen, von dr. Ferdinand Cohn . . . with 
notes for American students by Oswald Seidenstieker . . . A’ew York, H. Holt and com- 
pany [etc, ]; Boston, C. Schoenhof [1889] iii p., 21, 47 p. illus. [German scientific mono- 
graphs cd. for American students, (no. 2) ] 

Cole, Martin J. See Cross, M. 1. 

CoNDicT, Lewis, 17f3-1862, . p ■ «- 

An inaugural dissertation on the efiects of contagion upon the human body. Being 
an attempt to ascertain its mode of operation, with a few observations on he proper 

W. Woodward, at Franklin’s head, no. 41, Chestnut-street. Ii9 . - P- 

Conn, Herbert WiLLiAit, bacteria to agriculture, with 
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products, and in plants and domestic animals . . . Philadelphia, W. Blakiston’s son 
and CO., 1901. vii, 17—112 p. illus. 


Agricultural bacteriology; a study of the relation of germ life to the farm, with labora- 
tory e.xperiments for students ... 2d ed., rev. and enl., with 64 illustrations. Phila- 
delphia, P. Blakiston’s son and co., 1909. x, 331 p. illus. 


Bacteria, yeasts, and molds in the home . . . Boston and London, Ginn and company, 
1903. vi, 293 p. illus., diagrs. 


Eev. ed. Boston, New York etc. Ginn and company [=1912] -sd, 295 p. 

illus. 


Bacteria in milk and its products, designed for the use of students in dairj’ing and for 
all others concerned in the handling of milk, butter or cheese ... 43 illustrations. 
Philadelphia, P. Blakiston’s son and co., 1903. vii, 17-306 p. illus. 


Germ life, bacteria; with thirty-four illustrations. London, Hodder and Stoughton, 
1909. 212 p. illus. (L'seful knowledge series. First published in 1S97. See: The 
stor 3 * of germ life] 


The Ihnng world: whence it came and whither it is drifting; a review of the specula- 
tions concerning the origin and significance of life and of the facts known in regard to 
its development, with suggestions as to the direction in which the development is now 
tending . . . New York. London, G. P. Putnam’s sons, 1S91. v p., 1 1., 195 p. illus., 
diagrs. 


. . . Nociones de microbiologia, aplicada £ la agricultura, la industria, la medicina, 
etc.; traducida del ingles al espanol por el Dr. Antonio Soler . . . Nueva York, D. Apple- 
ton y cia, 1902. 1S9 p. illus. pCuevas cartillas cientificas] 


Practical dairy bacteriologj', prepared for the use of students, dairj-men, and all in- 
terested in the problems of the relation of milk to public health . . . New York, Orange 
Judd conipanj"; [etc., etc.] 1907. [.Also 1914] xi, 1, 314 p. incl. front., illus. 


The storj- of germ life . . . New York, D. .Appleton and compan}-, 1S97. 199 p. iUus. 
[Half -title: The Library of useful stories] [Also (New Fork Public Librar 3 '), 1S9S, 
New York; 1899, London, George Nernies, 212 p. iUus.; 1900, New York. ] 


1902. 199 p. illus. [First published in 1S97.] 


New York, S. S. McClure Co., 1909. 199 p. illus. [Librar}- of valuable 

knowledge ] 


New York, D. .Appleton and Co., 1912. 199 p. illus. [Librarj- of valu- 
able knowledge] 


New York, 1915. 199 p. front., illus. [Lettered on cover: Library of 

valuable knowledge] 

Coxx, H[erbert] T\’[iluam]. See Chapin, Henry Dwight. 

Copux, Michael L.\te, 1864- 

Lectures on Pathology; delivered to the students at Jefferson medical college, Phila- 
delphia. Philadelphia, P. Blakiston, son and co. 1894. v, illus., pi. [1st ed. of 
Manual of Pathology] 
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colored nhfef f"®® illustrations and seven 

col. plates. Pl«'«<lelph'u. P- Blabston’s son and co., 1900. xx, U-816 p. illus., 


ud., rewritten and enl. With four hundred and ninety-five illustra- 
tions, many of which are original, and ten colored plates. Philadelphia, P. Blakiston’s 
son and co., 1905. x.v\di p., 1 1., 994 p. illus., X col. pi. 


; 4th ed., rewritten and enl., reprinted with corrections, with four hundred 
and ninety-five illustrations and twenty-three plates, ten of which are in colors. Phila- 
delphia, P. Blakiston's son and co., 1910. xxvii p., 1 1 ., 994 p. illus. (partly col.) 
XXIII pi. (parflj'- col.) 


Sfh ed., rewritten and enl., with six hundred end twelve illustrations and 
twelve plates, eleven of which are in colors. 1911. xxiv, 1139 p. illus. (part col.) 
XII pi. (II col.) 


A manual of practical hygiene ... By W. M. L. Coplin . . . and D. Bevan . . . With 
an introduction by H. A. Hare . . . 1893. .wi, {25H56 p. illus., diagrs. 

CocKCinsiAN, William Thomas, 1854-1933. 

Disease and its causes, by W. T. Councilman . . . Xew York, H. Holt and company; 
(etc., etc,, '1913] 2 p. 1., [iiij-viii, 9-254 p. illus., fold. pi. [Half-iitk: Home uni- 
versity library of modem knowledge, no. 68] 


Pathology, a manual for teachers and students. Boston, Wra. Leonard, 1912. 405 p. 


Pathology; syllabus, by W. T. Councilman, Itl.D., and F. B. Mallory, M.D. . . . 
Boston, Printed by J. L. Fairbanks and company, 1902. iv, 174 p. 

Cross, M. I. . . 

Modern microscopy; a handbook for beginners and students, combining I. The micro- 
scope, and instructions for its use, by M. I. Cross; II. hlicroscopic objects; how pre- 
pared and mounted, by Martin J. Cole ... 3d ed., entirely rev. and enl., to whirls 
added III. Microtomes; their choice and use. Chicago, W. T. Keener and co., im. 
xvi, 292 p. inch front., illus., diagrs. (Printed in Great Britain] 

dofAt SL. printer' 1872. 39 P. fc- |••EHr.e,.d fro. tb, «! 

the American medical association.”] 

Dalton, John C[all] 1825-1889. discourse, delivered before 

The origin and propagation of disease. Xew Vork, D. Appleton 

the New York academy of medicine, Aovember 20, 18/3 ... Lew Yors, 
and company, 1874. 30 p. 

p; jrieel baelerieleB-, bp J, H.-e. • • • Ki'b*-"'. 

1910. 50 p. forms. 

Z— — - 2d ed., rev. and enl., 1911. 130 p. 
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Delafield, Francis, 1S41-1915. 

A handbook of pathological anatomy and histology, with an introductory section on 
post-mortem examinations and the methods of preserving and examining diseased 
tissues, by Francis Delafield , . . and T. ^litchell Prudden . . . 3d ed., illustrated by 224 
wood engravings printed in black and colors. New York, Vt. Wood and company, 1SS9. 
XV, 609 p. illus. (part col.) 


4th ed.. illustrated by 300 wood engravings printed in black and colors. 

New York, W. Wood and company, 1S92. x\ni,715p. illus. (part col.) 


5th ed., . . . 1S96. xviii, S46 p. illus. (part col.) col. pi. 


6th ed,, . . . 1901. xix, S19 p. illus., XIII pi. (part col.) 


7th ed., with 13 full-page plates and 545 illustrations in the text in black 

and colors. 1904. x.xi,SS5p. illus. (part col.) XIII pi. (3 col.) 

A text-book of patholog}-, with an introductorj" section on post-mortem e.xaminations 
and the methods of preserving and examining diseased tissues, bj' Francis Delafield . . . 
and T. Mitchell Prudden . . . Sth ed., with thirteen full-page plates and six hundred 
and fifty illustrations in the text, in black and colors. New York, W. Wood and com- 
pany, 1907. xxA', 1057 p. illus. (part col.) XIII pi. (3 col.) 

A text-book of pathology, with a final section on post-mortem examinations and the 
methods of preserving and examining diseased tissues, by Francis Delafield . . . and 
T. Mitchell Prudden . . . 9th ed., with thirteen full-page plates and six himdred and 
eighty-seven illustrations in the text, in black and colors. New York, W. Wood and 
company, 1911. xxvi, 1114 p. illus. (part col.) XIII pi. (3 col.) 

10th ed., rev. with the cooperation of Francis Carter Wood . . . with fourteen 

full-page plates and six hundred and ninety-four illustrations in the text, in black and 
colors. New York, W. Wood and company, 1914. xxviii, 1116 p. illus. (part col.) 
plates (part col.) 

Dibble, Frederick L. 

Vagaries of sanitarj- science. Philadelphia, J. B. Lippincott company, 1S93. 462 p. 

Dick, George Frederick. See Ricketts, Howard Taylor. 

Dieudonn£, Adolf, 1864- 

Baeterial food poisoning; a concise e.xposition of the etiologj’, bacteriolog}', pa- 
thologj", sjTnptomatology, prophylaxis, and treatment of so-called ptomaine poisoning, 
by Prof. Dr. A. Dieudonne, Munich; tr. and ed., with additions, by Dr. Charles 
Frederick Bolduan . . . Authorized translation. New York, E. B. Treat and company, 
1909. 3 p. 1., 9-128 p. 

Do.utE, Rennie Wilbur, 1871- 

. . . Insects and disease; a popular account of the way in which insects may spread 
or cause some of our common diseases, with manj' original illustrations from photo- 
graphs . . . New York, H. Holt and company, 1910. xiv, 227 p. front., plates. 
[American nature series. Group W. Working with nature.] 

Dollet, Crjirles S. 

Notes on the methods employed in Biological Studies. Compiled solely for the use 
of students in the laboratories of the School of Biology, University of Pennsylvania. 
Published by the University, 1889. 

The technology of bacteria investigation; explicit directions for the study of bac- 
teria: their culture, staining, mounting, etc. . . . Boston, S. E. Cassino and company, 
1885. xii, 263 p. 
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DccK^TAtiL, Edward Wiley. 

ind sdPnf;t“hi!,Tr1“f products Trith bacteriological technique; a practical 
and scientific hand book for manufacturers of food products, bacteriologists, chemists 
and students of food problems. Also for processors and managers of food product 
manufactories . . . Ist ed. Pittsburgh, Pa., Pittsburgh printing company, 1905. 47S 
p. incl. front, (port.) iiius., plates. 

EAnr-TiiOMAS farmogerm co., Bloomfield, N. J. 

Farmogerm, high-bred nitrogen-gathering bacteria; makes poor soil good soil. 
Bloomfield, N. J., Earp-Thomas farmogerm co. ['1909]. cover-title, 32 p. illus 
Ehrlich, Paul, lS5f-1915. 

Collected studies on immunity, by Professor Paul Ehrlich, privy councilor and direc- 
tor of the Roj'al institute for experimental therapj', Frankfurt, German}', and by his 
collaborators; with several new contributions, including a chapter written expressly 
for this edition by Professor Ehrlich; tr. by Dr. Charles Bolduan ... 1st ed. 
1st thousand. New York, J. Wiley and sons; [etc., etc.) 1906. 2 p. 1., iii-\i, 5SG p. 
front, (port.) illus., diagrs. 

Studies in immunity, by Professor Paul Ehrlich . . . and his collaborators, collected 
and tr. by Dr. Charles Bolduan ... 2d ed., rev. and enl. 1910. 2 p. 1., iii-xi, 712 p. 
inch illus., tables, front, (port.) 

Eimek and Ajiend 

Revised and enlarged catalogue of bacteriological apparatus; manufactured or im- 
ported by Elmer and Amend. New York, 1907. 222 p. illus. 

Eisenberg, James, 1861- 

Bacteriological diagnosis; tabular aids for use in practical work . . . Tr. and augm. 

. . . from the 2d German ed., by Norval H. Pierce . . . Philadelphia and London, The 
F. A. Davis co., 1892. xiv', 184 p. 

Eliot, Charles William, 1834- . . lu i r-i, i 

The fruits of medical research with the aid of anaesthesia and asepticism [by | Charles 
W Eliot . . . [Boston, The Barta Press] 1909. 19 p. [“.Address delivered at the 
MMsachusetts general hospital on the siUy-third anniversary of Ether day, October 
16, 1909.”] 

Elliott, Sophrosia Maria, 1854- v t era . 

Household bacteriology' . . . [Te.xfbook ed.] Chicago, -Amencan school of home cco 

nomics,1910. 3 p. I., 170 (i.e. ISO p) p. front., illus., plates, port. 

chusetts society for promoting agncuHure. Boston. The ..ocie . , 
inch t.ables. xvii pi. 

Ernst, Harold Clarence, 1856-1922. nmCPmstMD Boston, The Jour- 

Modern theories of bactenal i™ty by 

nal of medical research, 1903. 3 p. 1., ip P- 1 '--Introd.] 

delivered ... in Harvard medical school in January, 1903. 


1900. Boston, Mass. 20 p- 
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Eshneb, Augustus Adolph, ((r.) See Levy, Ernst. 

Evans, W[illiaxi] A[ugustus]. See . . . Anatomy, physiology, pathologj^, bacteriology, 
dictionary, etc., etc. 

Faught, Fiuncis Ashley, ISSl- 

Essentials of laboratory diagnosis, designed for students and practitioners . . . con- 
taining an indican scale in colors, six full-page plates and numerous engravings in the 
text. Philadelphia, F. A. Da^is company, 1909. viii, 309 p. front., illus., 'V’T pi. 
(1 col.) 


containing an indican scale in colors; eight full -page plates and numerous 

engravings in the text. 2d rev. ed. 1910. xiv, 336 p. front., illus., plates (1 col.) 


containing eleven full-page plates (three in colors) and thirty-nine text 

engravings. 3d rev. ed. 1911. xii, 338 p. illus., 11 pi. (inch front., 3 col.) 


4th rev. ed. 1912. xii, 338 p. illus., 11 pi. (inch front., 3 col.) 


containing ten full-page plates (four in colors) and fifty -eight text engrav- 
ings. 5th rev. ed. 1915. xii, 450 p. illus., 10 pi. (4 col.) 

Fello'Ws, James I. 

Zymosis and pathogenesis; a bacteriological sketch (2d section). Kew York, n. p., 
1892. 128 p. [For the medical profession, pt. XI.'] 

Fitch, Clifford Penny, See Moore, Veranus Alva. 

Flenneb, Simon and Holt, L. Emmet ( ed .) 

Bacteriological and clinical studies of the diarrheal diseases of infancy, with reference 
to the Bacillus dysenleriae (Shiga) from the Rockefeller Institute for Medical Research. 
New York, Rooney and Otten ptg. co., 1904. 202 p. 


The biological basis of specific therapy by Dr. Simon Flexner . . . [Boston, The 
Barta press] 1911. 20 p. [“Address delivered at the Massachusetts general hospital 
on the sixty-fifth anniversarj- of Ether day, Oct. 16, 1911.”] 

Flexner, Simon. See Marchiafava, Ettore. 

Fox, Herbert, 1880- 

Elementary bacteriologj' and protozoology, the microbiological causes of the infec- 
tious diseases . . . Illustrated with 67 engravings and 5 colored plates. Philadelphia 
and New York, Lea and Febiger, 1912. vi, [171-237 p. illus., V col. pi. inch front. 

Fr^enkel, Carl, 1861- 

Text-book of bacteriology, by Carl Fraenkel ... 3d ed. Tr. and ed. by J. H. Linsley 
. . . New York, W. Wood and company, 1891. 3 p. 1., 376 p. 

Friedlaender, Carl, 1847-1887, 

A manual of microscopical technology for use in the investigations of medicine and 
pathological anatomy . . . Tr. . . . from the 2d enl. and cor. ed. by Stephen Yates 
Howell. New York and London, G. P. Putnam’s sons, 1885. vip.,31.,249p. pi. 

Frost, William Dodge, 1867- 

Bacteriological tests of methods of cleaning. [In National education association of 
the United States. Journal of proceedings and addresses, 1911. p. 985-990.] 

The great white plague. Simple lessions on causes and prevention. Intended es- 
pecially for use in schools. By W. D. Frost . . . and M. V. O’Shea . . . Issued by C. P. 
Cary, state superintendent. Madison, Democrat printing company, state printer, 
1912. 48 p. front., illus. (inch ports.) 


A laboratory guide in elementarv bacteriologj'. Madison, Wis., the author, 1901. 
205 p. 
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2d rev. ed. 1902. s,355p. 
3d ed., 1903. 395 p. 

4th ed. rev., 1911. 395 p. 


n pi. on II., diagrs. 


M^sr! >="=•»' 

ilta. 141.0,10111 ' 1010. «vii, 310 p. 

Frothingham, Langdon. 

^iLaboratory guide for the bacteriologiBt ... Philadelphia, W. B. Saundo^. 1895 . 
Fgertes, James Hillhogse, 1863- 

different Bources 

(inch Plante Me., etc. ] 1897. x,75p. inus,' 

^"^Sedgadek”'’*^ Warren. See Biological studies by the pupils of William Thompson 
^^^ Sed ^- ick ^ Meritte. See Biological studies by the pupils of William Thompson 
Gallup, Joseph A. 

Sketches of epidemic diseases in the State of Vermont; from its first settlement to 
the year 1815. With a consideration of their causes, phenomena, and treatment. To 
which is added remarks on pulmonary consumption . . . Boston, T. B. Wait and sons 
1815. 419 p. 


GamaleIa, NfiKOLAi FtodobovichJ, 1859- 

The bacterial poisons . . . tr, E. P. Hurd. Detroit, Geo. S. Davis, 1893. 136 p, 
(The physicians’ leisure library.] 

Gahbat, ABRAJt Leon. See Citron, Julius Bernhard. 

Gay, Frederick P. See Bordet, Jules. 

Gehkmann, Adolph. See . . . Anatomy, physiology, pathology, bacteriology, dictionary, 
etc., etc. 

Girard, Alfred Conrad, (ed.) See Peyer, Alexander. 

Gorham, Frederick Poole, 1871-1933. 

A laboratory course in bacteriology, for the use of medical, agricultural, and indus- 
trial students. . . . With 97 illustrations. Philadelphia and London, W. B. Saunders 
and company, 1901. 1 p. 1., 5-192 p. inch illus., double tab. 


A laboratory course in bacteriology, prepared for the use of students in Brown uni- 
versity . . . Providence, R. I., Independent citizen press, 1897. 55 p. 

Cradle, Henry, 1855- 

Bacteria and the germ theory of disease. Eight lectures delivered at file otiicago 
medical college . . . Chicago, Tih T. Jfeener, 1883. 2 p. 1., 219 p. 

Grifeith Frederic Richardson. See Stoney, Emily Marjory Armstrong. 

Grotenf^t, Gosta, 1855-1922. (FiiK name: Karl Gustaf Johannes Grofenfelt] 

The principles of modern dairy practice from a bacteriological 
Authorized American ed. by F. W. Well ... 1st ed. 1st thousand. Aea 'fork, J. 
Wiley and sons; 1894. 285 p. illus. (Also, 18951 

~ 3d ed., rev., 1908. vi, 286 p. (Also, 1913] 

Gbundb, Marie. See Bolduan, Charles F^Jeric^ 

M.D. New York. J.H. Vail and co., 1889. x.liOp- 
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■ Gtjerard, Arthur Rose. See Park, William Hallock. 

Hardoivat, W, a. 

Essentials of vaccination; a compilation of facts relating to vaccine inoculation and 
its influence in the prevention of small -pox. Chicago, Jansen, McClurg and company, 
1SS2. 146 p. 

Hardy, Mrs. E. D. See Belcher, Sarah Drowne. 

H.UIE, HoB.iRT Amort, 1862-1931, (ed.) 

A system of practical therapeutics. Ed. by Hobart Amory Hare . . . Assisted by 
Walter Chrj'stie . . . Philadelphia, Lea brothers and co., 1891-97. 4 v. illus., pi. 


A text -book of practical therapeutics, with especial reference to the application of 
remedial measures to disease and their emplojunent upon a rational basis. . . . Phila- 
delphia, Lea brothers and co., 1890. vi p., 1 1., [17]-632 p. 


2d ed., enl. and thoroughly rev. 1891. ix p., 1 1., [17J-658 p. 


. . . 3d ed., enl. and thoroughlv rev. 1892. 4 p. 1., [xi]-xiii p., 1 1., [17]- 

696 p. 


... 4th ed., enl. and thoroughly rev. 1894. 11, [17]-740 p. 

. . . 5th ed., enl. and thoroughly rev. 1895. 11, [17]-740 p. 

... 6th ed., enl., thoroughly rev. and largely re-written. Philadelphia 

and New York, Lea brothers and co., 1897. 758 p. 

. . . 7th ed., enl., thoroughly rev. and largely re-written. 1898. 776 p. 

illus., chart. 


. . . 8th ed., enl., thoroughly rev. and largely re-written. Illustrated 

with 37 eng^a^^ngs and 3 colored plates. 1900. 798 p. illus. in col. pi. (inch diagr.) 


. . . 9th ed., enl., thoroughly rev. and largely re-written. Illustrated with 

105 engravings and 4 colored plates. 1902. 857 p. illus., col. pL, chart. 


■ . . . 10th ed., enl., thoroughly rev. and largely re-written. Illustrated 

with 113 engravings and 4 colored plates. 1904. si, [17J-90S p. illus., 4 col. pi. (inch 
1 chart). 


. . . 11th ed., enl., thoroughly rev. and largely re-written. Illustrated 

with 113 engravings and 4 colored plates. 1905. ix, [17]-910 p. illus., 3 col. ph, 
col. chart. 


. . . 12th ed., enh, thoroughly rev. and largely re-written. Illustrated 

with 114 engravings and 4 colored plates. 1907. i-x, [17}-939p. illus., rv col. ph 


. . . 13th ed., enl., thoroughly rev., and largely re-written. Illustrated 

with 122 engra\dngs and 4 colored plates. Philadelphia and New York, Lea and Febiger, 
1909. ix, [l7]-958 p. illus., rv col. ph 


. . . 14th ed., enl., thoroughly rev., and largely re-written. Illustrated 

with 131 engravings and 8 plates. 1912. x, I9]-9S4p. illus. VIII ph (partlj- col.) 


. . . 15th ed., enl., thoroughly rev., and largely re-written. Illustrated 

with 144 engravings and 7 plates. 1914. 1 p. 1., V-X, [9]-99S p. illus., VII ph (3 
col.) diagrs. 
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Benthuysen, printer, ISSS. 23 p. 

Harhis Norman MacLeod, (ed.) See Muir, Robert, 
ilarvard Univeraity. Medical School. 

Directions for laboratory work. Course in bacteriology. Boston, 1902 . 18 p. 

ed“rr™.Tt'p”'Kr 


5th ed. 1913. 


6th ed. 1915. 

Harvard University. Medical school, Boston, Mass., Department of Bacteriology. 

Bacteriologj' questions for Harvard medical students, n.p., 1902. 9 p. 

Hastings, Edwin George. 

A laboratory manual of general agricultural bacteriology, by E, G. Hastings, Conrad 
Hoffmann, and W. H. Wright. Madison, College of agriculture, University of Wiscon- 
sin, 1911. 47 p. 

Hastings, Edwin George. See Russell, Harry Luman. 

Hatpieed, Marcus Patten, 1849- 

The acute contagious diseases of childhood . . . Chicago, G. P. Engelhard and com- 
pany, 1901. 3 p. 1., [9J-135, vi p. illus. [Standard monograph series] 

Hayes, Matthew Horace, 1842- 

Notes and appendix to the fourth edition of Friedberger and Frohner’s Lehrbuch dcr 
speciellen pathologic und therapie der hausthiere. By M. H. Hayes . . . with a chapter 
by Dr. G. Newman, D. P. H. London, W. Thacker and co., 1898. 68 p. (“Chaper IV. 
By George Newman . . . Notes on bacteriology.”] 

Heart, Wieeiam. See . . . Anatomy, physiology, pathology, bacteriology, dictionary, 
etc., etc. 

Heinemann, Paul Gustav. 

A laboratory guide in bacteriology, for the use of students, teachers, and practi- 
tioners . . . Chicago, The University of Chicago press, 1905. .xiv, 143 p. illus., diagrs. 
[Also, 1911, 210 p.] 


2ded. Chicago, 111., The University of Chicago press ['1913] XV, 210 p. ilto-. 

diagrs. (1 fold.) 

Hektoen, Ludvig, 1863- {ed.) . 

An American text-book of pathology, for the use of students and practitioners ot 

medicine and surgery, ed. by Ludvig Hektoen and Dfd Riesman 

443 illustrations, 66 of them in colors. Philadelphia and London, W. B. Saunders 

company, 1901. 1 p. 1., [9H245 p. illus. 

Herrick, James B. , - - * so :iii>sfrations and 2 colored 

A handbook of medical diagnosis for students ... 80 illustrations a. 

plates. Pbiladelpbia, Lea brothers and co., 1895. 432 p. 
our foes of the if 

quer the foes . . . [3h«9 p. illus , plates (part col.) diagrs. 

publishing company, 1913. ® P- 

Hbrtbb, Christian Archibald, 1865-191 , ^ intoxications arising 
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1907. X p., 1 1., 360 p. [“This little volume embodies views recentlj' presented at the 
New York Academy of medicine, in a lecture before the Harvard society for the diffu- 
sion of medical knowledge.” — Prof.] 

Herzog, Joseph, 1S5S- 

A text -book on disease-producing microorganisms, especially intended for the use 
of veterinary students and practitioners . . . with 214 illustrations in black and 14 
colored plates. Philadelphia and New York, Lea and Fcbiger, 1910. .\i, [17]-644 p. 
illus., XR’’ col. pi. (inch front.) 

Hiss, Philip Haxsox, 1S6S7-1913. 

A text-book of bacteriology, a practical treatise for students and practitioners of 
medicine, by Philip Hanson Kiss, Jr. . . . and Hans Zinsser, 1S9S-1940 . . . with one 
hundred and fifty-six illustrations in the text, some of which are colored. New York 
and London, D. Appleton and company, 1910. xiv, 745 p. illus. [Also, 1911] 


. . . with one hundred and fifty-six illustrations in the text, some of which 

are colored. 2d ed. 1914. xvi, 766 p. illus. (part col., inch chart) [Also, 1915] 
Hobbs, Glexn Moodt. See American school of correspondence, Chicago, 1909. 
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3d ed., enl. and rev. Boston, London [etc.] Ginn and company [1905] xxiii, 
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... 3d ed., enl. and thoroughly rev., with 176 engravings and 5 full-page plates. 
New York and Philadelphia, Lea and Febiger, 1908. viii, 642 p. illus., V pi. (4 col.) 


4th ed., enl. and thoroughly rev., with 196 engravings and 8 full-page 

plates. 1910. viii, 670 p. illus., VIII pi. (7 col.) fold. tab. 


5th ed., enl. and thoroughly rev., with 210 engravings and 9 full-page 

plates. 1914. viii, [17]-684 p. illus., IX pi. (part col.) tables (1 fold.) diagrs. 

Park, William Hallock. See Belcher, Sarah Drowne. 

See Nuttall, G. H. F. 

Peebles, Isaac Lockhart. 

Unanswerable objections to vaccination. Fourth thousand. Nashville, Tennessee, 
Publishing House, hi. E. Church, South. 1914. 83 p. 

Peter, Alexander. 

An atlas of clinical microscopy, by Alexander Peyer, MJD. Tr. and ed. by Alfred 
C. Girard . . . 1st American, from the manuscript of the 2d German ed., with additions. 
Ninety plates, with one hundred and five illustrations . . . New York, D. Appleton and 
company, 1885. xiv, 194 p. 90 pi. (part col.) 

Pfingst, Adolph O. 

hlanual of elementary bacteriologj', by Adolph 0. Pfingst . . . and John E. Cashin 
. . . Louisville, Kj'., J. P. Morton and companj', 1898. 2 p. 1., [vii]-xvi, 187 p. illus. 
(part col.) 

Phelps, Earle Bern.\rd. See Biological studies bj' the pupils of William Thompson 
Sedgwick. 

A phj'sical enquirj' into the origin and causes of the pestilential fevers . . . New-York: 
Printed bj' J. Tiebout, for Thomas B. Jansen, bookseller and stationer, no. 344 Water- 
street, near New-slip. 1798. 32 p. 

Pierce, Norval Harvey. See Eisenberg, James. 

Pina t Casas, Enrique. 

Venenos zj-moticos . . . Puerto-Rico, Lnpr. del Boletin mercantil, 1884. 29 p. 
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PiTFiELD, Robert Ltoas, 1870- 

IV pi. [Blakiston’a? quiz-compends?} ,ilus., 


2d ed. with 4 plates and 85 other illustrations. 


(PTiooi.) IV ,1. ‘™' '«.®p->-nta. 

Potter, Theodore, 1816-1915. 

T its relation to the progress of medicine. Indianapolis, 

Indiana, Medical journal publishing co., 1898. 161 p. 

POHETON, Edward Bagmale, 1856- 


... A remarkable American work upon evolution and the germ theory of disease. 
The Residential address read before the Linnean society of London at the anniversaiy 
meeting. May 24, 1913, by Professor Edward B. Poulton. London, Printed by Taylor 
and Francis, 1913. [1], 26-45 p. [“Extracted from the Proceedings of theLinneanso- 
ciety of London, session 1912-13.” An address on the authenticity of the work "Shall 
we have common sense. Some lectures written and delivered by Geo. W. Sleeper. 
Boston, Wm. Bense, printer, 1849," including a reproduction of the title page and quo- 
tations from the work.] 


... A remarkable American work upon evolution and the germ theory of disease. 
By Professor Edward B. Poulton . . . Addresses delivered at the anniversary meetings 
of the Linnean society of London on the 24th of May, 1913, and the 25th of May, 1914. 
London, Printed by Taylor and Francis, 1913-1914. cover-title, (1), 20-45 p., 1 1., 22, 
2 p., 2 1., 36 p. facsim. [The addresses have each separate t.-p. and are e.vtractcd 
from the Proceedings of the Linnean society of London, session 1912-13, 1913-14. They 
are on the authenticity of the work “Shall we have common sense. Some recent lec- 
tures written and delivered by Geo. W. Sleeper. Boston, Wra. Bense, printer, ISID.”] 
Prescott, Samced Cate, 1876- 

Elements of water bacteriology, with special reference to sanitary water analysis. 
By Samuel Cate Prescott . . . and Charles-Edward Amory Winslow ... 1st cd. 1st 
thousand. New York, J. Wiley and sons; [etc., etc.] 1994. x, 162 p. 

... 2d ed., rewritten. 1st thousand. 1908. xii, 25S p. inch illus., tables. 


. 3d ed., rewritten. 1st thousand. 1913. xiv, 318 p. illus- 


, , . au CU., , rtr Ti* T'U 

Prescott, Samoee Cate. See Biological studies by the pupils of 14ilham Thompson 
Sedgwick. 

sanitation. A manual of theoretical -f 
students and physicians; for health, sanitary, teneraent-houR ? ‘ 

ed., first thousand. New York, John Wiley and sons, 1901. 11 and 317 p. mus 


2d ed. rev. and partly rewritten. 1905. 14 and 301 p. 


3d ed. rewritten and reset. 1913. H 353 p. 


PRonDBN.THEOPinL Mitchell, 1849-19M. . . . New 

■ora, 1910. 6p.l,llSp. illo«,Pl*l"- 
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The storj' of the bacteria and their relations to health and disease. New York and 
London, G. P. Putnam’s sons, 1889. 3p. 1., 143p. [Also, 1890, 1891.] 


2d ed., rev. and enl. 1910. x p., 1 1., 232 p. illus., plates. 

Pbudden, Theophil Mitchell. See Dclafield, Francis. 

Putnam, John J. 

The bacteria of Nebraska soil; with special reference to the fixation of nitrogen, 
ammonification, denitrification in non-protein media, including observations on the 
reduction of nitrates bj' soil bacteria in general . . . Lincoln, Neb., Woodruff press, 
1913. 54 p. plates. (Also, Thesis — University of Nebraska, 1914] 

E.\d.4.m, William. 

Microbes and the microbe killer, bi" William Radam . . . New York, The author, 
1890. xiii, 369 p. front, (port.) plates. 


Rev. ed. New York, The author, 1895. xviii, 192 p. front, (port.) illus., 

XXV pi. 

Rafael, R. F. (tr.) See Giiell, Eusebio Guell y Bacigalupi, conde de. ^ 

Reed, Howard Sprague, 1876- 

A manual of bacteriologj’^ for agricultural and general science students . . . Boston, 
New York etc. Ginn and company ['1914] xii, 179 p. illus., tables, diagrs. 

Reeves, James Edmund, 1829- 

A hand-book of medical microscopy . . . Philadelphia, P. Blakiston, son and co., 
1894. XV, 17-237 p. illus. (part col.) 

How to work with the Bausch and Lomb optical Co.’s microtome, and a method of 
demonstrating the tubercle-bacillus . . . Rochester, N. Y., Bausch and Lomb optical 
company, 1886. 27 p. 

Reid, Mary Eliza. 

Bacteriology in a nutshell; a primer for junior nurses; comp, and arranged by Mary 
E. Reid . . . Cincinnati, O., 1904. 

Richards, Ellen Henrietta (Swallow) “Mrs. R. H. Richards,” 1842-1911. 

Air, water, and food from a sanitary standpoint. By Ellen H. Richards and Alpheus 
G. Woodman ... 1st ed., 1st thousand. New York, J. Wiley and sons; [etc., etc.] 1900. 
2 p. 1., 226 p. inch illus., pi., tables, fold. map. 


... 2d ed., rev. and enl. 1st thousand. 1904 . 3 p. 1., 262 p. illus., pi., 

fold, map, diagrs. 


... 3d ed., rev. and enl. 1st thousand. 1909. 3 p. 1., 278 p. inch illus., 

tables, pi., fold. map. 


Conservation by sanitation. Air and water disposal of waste, (including a labora- 
tor 3 ' guide for sanitarj’ engineers.) New York, John Wiley and sons. 1911. 12 and 
305 p. 

Richardson, Joseph Gibbons, 1836-1886. 

A handbook of medical microscopy . . . Philadelphia, J. B. Lippincott and co., 1871. 
viii, 9-333 p. illus. 

Rickards, Burt Ransom. See Biological studies by the pupils of William Thompson Sedg- 
wick. 

Ricketts, Howard T.-iylor, 1871-1910. 

Contnbutions to medical science by Howard Taylor Ricketts, 1870-1910; published 
as a tribute to his memorj- by his colleagues under the auspices of the Chicago patho- 
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Ricketts have been included because thev ° ^ Pupik of Dr. 

^aration before his death.>'-Introductory note!]"^ ^ 


at?S'°“’ tlierapy in relation to the infectious diseases ^hich 

SvSs T -Sglutinatioh, p'recipitatSJ 

S, IMS J ■ ■ ■ association press, 1906. :r, 600 p. illus. 


Infection, immunity and serum therapy in relation to the infectious diseases of man 

« il ’ P^-^face by Ludvig 

neKtoen, M-D. Chicago, American medical association press, 1913. xv, 785 p illus 
EresMAN, David, (comp.) See Carter, William S. (comp.) 

Riesman, David. See Hektoen, Ludvig, (ed.) 

[RiDET, WiLtlAM DukNELD] 

Locusts and grasshoppers. The beginning and the end of the febrile or eruptive dis- 
eases in living things. [Philadelphia, 1872) cover-title, 8 p. 

RmatiE, Jajies. See Jfuir, Robert. 

Ritchib, John W. 

Primer on sanitation; being a simple work on disease germs and how to fight them. 
Yonkers-on-Hudson, 1910. 200 p. 

RoBEnxs, Geoege Faibcloegh, 1886- 

Nurses manual of bacteriology and aseptic technique . . . Salt Lake City, Utah, 
Western printing co.['1915] 1 p. 1., 3-21 numb. 1. 

Robehts, Jav G. 

Manual of bacteriology and pathology for nurses . . . Philadelphia and London, 

. W, B. Saunders company, 1912. 2p.l.,3-206p. VIII pi (3 col.) [.Mso, 1914] 

Rogees, Anne P. See Biological studies by the pupils of William Thompson Sedgwick, 
Rosenae, M. J. 

Disinfection and disinfectants. A practical guide for sanitarians, health and quaran- 
tine officers. Philadelphia, P. Blaldston’s son and CO., 1902, xii, li-353p. incl. iifus. 

... , . pi., diagr. 

Rostoski, Oito, 

Manual of serum diagnosis . . . Authorized translation by Dr. Charles Bolduan. 
1st ed. 1st thousand. New York, J. Wiley and sons; London, Chapman and Hall, 
limited, 19W. vi, 86 p., diagrs. 

Ressedd Habbt Lehan, 1866- . 

Agricultural bacteriology. A brief onthne of bacteria in their relation to a^cu^t^ 
Part II. Madison, [State journal printing CO. J, 1903. 3Sp. [Bound with Cth editi 

of Outlines of Dairy Bacteriologj'.J 

■"TTgricultural bacteriologj', by H. L. Russell ... and E. G. Hasting . . .Madison. 
Wis., H. L. Russell, 1909. vi, 241 p. illus., diagrs. 

Ipioui,...! f r VrS r..: 

. . and E. G. Hastings . . . Madison, Wis., H. L. Rus.eU, 19lo. n, ^ P 


"acterial life of milk . . . Address « ^for^ the 

ciation in the University chapel on February G, 1901 - Colum 

[1901?] cover-title, 15, (li P- 
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Outlines of dairy bacteriologj' . . . Madison, Wis., The author, 1894. vip., ll.,lS6p. 


Outlines of dairj’ bacteriology, a concise manual for the use of students in dairying 
. . . 2d ed. thoroughly rev. . . . Madison, Wis., The author, 1896. 192 p. illus., diagrs. 


4th cd., thoroughly revised. Madison, Wis., H. L. Russell, 1899. vi p., 

1 1., 190 p. illus. 


6th ed., thoroughlj’ rev. 1905. iv p., 1 1., 199 p. illus. 


9th ed., wholly rev.-ritten. 1910. 214 p. illus. 


10th ed. 1914. 223 p. illus. 

Russell, BLarrt Lum.^n. See Turneaurc, F. E. 

Salisbury, James Henry, 1823-1905. 

IMicroscopic examinations of blood; and vegetations found in variola, vaccina, and 
typhoid fever. New York, Moorhead, Bond and co., printers, 1S6S. ivp.,11., [7}-65, 

[3] p. inch illus., 3 pi. 

Salomonsen, Carl Julius, 1847-1924. 

Bacteriological technologj- for phj'sicians with seventy -two figures in the text by 
Dr. C. J. Salomonsen. Authorized translation from the 2d rev. Danish ed., by William 
Trelease. New York, W. Wood and companj', 1890. 2 p. h, 162 p. illus. [See also 
Wood’s Medical and Surgical Monographs 4- 437-597, 1889) 

Satterthm’aite, Thomas Edward, 1843- 

An introduction to practical bacteriology . . . Detroit, Mich., G. S. Davis, 1887. 
5 p. L, 85 p. front., illus. 

Sayre, Lucius Elmer, 1847-1925. 

A manual of organic materia medica and pbarmacognosj'; and introduction to the 
study of the vegetable kingdom and the vegetable and animal drugs ... 2d ed., rev., 
with histologj' and microtechnique by WiUiam C. Stevens . . . With 374 illustrations 
Philadelphia, P. Blakiston’s sons and co., 1899. Yxii, 17-684 p. inch illus., plates, map. 

ScHAMBERG, Jay F. See Welch, William Miller. 

Schmitz, J[ohn] P[eter] 

The microbe-producing-disease theorj' inconsistent with the laws of nature; how 
diseases are produced, a new physiological law promulgated by Prof. J. P. Schmitz. 
San Francisco, California, The author, 1901. [5]-50 p. 

Schneider, Albert, 1863-1928. 

Bacteriological methods in food and drug laboratories, with an introduction to micro- 
analytic methods ... 87 illustrations and 6full page plates. Philadelphia, P. Blakiston’s 
son and co. ['1915] viii, 288 p. illus. (part col.) 

VI ph 


Pharmaceutical bacteriology', with special reference to disinfection and sterilization 
. . . with 86 illustrations. Philadelphia, P. Blakiston’s son and company, 1912. rai, 
238 p. illus. 

Schorer, Edwin Henry, 1879- 

Vaccine and serum therapy, including also a study of infections, theories of immu- 
nity, opsonins and opsonic index ... St. Louis, C. V. Mosby co., 1909. 131 p. illus., 

diagrs. [.Also, 1912] 


Vaccine and serum therapy, including also a study of infections, theories of im- 
munity, specific diagnosis and chemotherapy ... 2d rev. ed. St. Louis, C. V. Mosby 
company, 1913. 2 p. 1., i.x-x“v, 300 p. illus., col. ph, diagrs. 
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Sboqwick, William Thompson, 1855-1921 

■ - o«, 

1882. 73 p. iUus. ’ ^ ‘ ^ ^ lithograplied by Is.aac Friedenwald, 


"'t:s,ns S”7 “ 

pany ; London, Macmillan and co , ltd 1902 xi<c n f V ^Mmillan com- 

Sboowick, William Thompson. See WMpiie Geo'S c 

SEiDENSTiCKEn, OsM’ALi,, (ed.) See Cohn, Ferdinand Julius 
Senn, Nicholas, 1844-1908. 

BactSriologie chimrgicale. fr. by A. Broca . . . Paris, G. Steiuhall, 1890. 318 p. 


o of microorganisms to injuries and surgical diseases by N. Senn. .M.D 

Ph.D.. Milwaukee Wisconsin. 2 vol. mms. [Published under title Surgical lac 
Uriology in 1889. Another copy on 344 typewritten sheets. ) 


Surgical bacteriologs’^ . . . Philadelphia, Lea brothers and co., 1889. 4 p. I, [17|-‘>70 
p. XIII (i.e. 12) pi. (part col.) ’ 


2d ed. thoroughly rev. 1891. viii, 117)-271 p. illus., XIIl (i.r. 12) pi. 

(part col.) [Copy in Crerar Libraty with numerous mms. notes and clippings by 
author.] 

Shattock, Samuel Geobge. 

An atlas of the bacteria pathogenic in man, with descriptions of their morphology 
and modes of microscopic examination . . . With an introductory chapter on bacteri- 
ology : its practical value to the general practitioner. By W. Wayne Babcock, M.D. . . . 
New York, E. B. Treat and co., 1899. 82p.incl. illus., 16 col. pi. 

Shecct, John Linnaeus Edwabo Whitridge, 1770-1836. 

Shecut’s medical and philosophical essays. Containing: 1st. Topographical, his- 
torical and other sketches of the city of Charleston, from its first settlement to the pres- 
ent period. 2d. An essay on the prevailing fever of 1817. 2d ed., with improvements. 
3d. An essay on contagions and infections. (2d improved ed.) And, 4th. An essay 
on the principles and properties of the electric 8uid. The whole of which are designed 
as illustrative of the domestic origin of the yellow fever of Charleston; and, as conduc- 
ing to the formation of a medical history of the state of South-Caroh'na . . . Charleston, 
Printed for the author, by A. E. Miller, 1819. viii, 260, [2] p. pi. 

Shepabd, Hiram Hgr, 1868- 

Bacteria in foods; a treatise on the conservation of health; or the scientific prepara- 
tion of pure food . . . Chicago, A. Flanagan company, ['1911 ] 32 p. 


M°teeteriology. Being especially designed for the use 
introduction to the study of microorganisms. 1st ed. Cambndge, * n-s,, 
operative press, 1897, 72 p. 

'"''iSSr.S'SX!'. 

title: An introduction to the study of infection and immumtj.J 


Anintroduction to the study of infection 

Sm "IhLdXto LeaandFebiger, 1912. x, (171-301 p. IHu,,-. 

XI pi. (partly col.) 
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2d ed., rev. and enl., 1913. x, U7]-32o p. illus., XI pi. (part col.) diagra. 


A manual of clinical diagnosis by means of microscopic and chemical methods, for 
students, hospital physicians, and practitioners. . .With 132 illustrations on wood and 
10 colored plates. Philadelphia and New York, Lea brothers and co., 1896. 2 p. ]., 
[■sni]-xix, [17J-504 p. illus. (part col.) X col. pi., diagrs. 


2d ed., rev. and enl. With 133 illustrations on wood and 14 colored plates., 1S97. 
XX, 17-563 p. illus., XIY col. pi., diagrs. 


3d ed., thoroughly rev. Illustrated with 136 engravings and 18 plates in 

colors, 1900. xxiv, 17-558 p. illus., XVIII col. pi. 


4th ed., thoroughly rev. Illustrated with 139 engravings and 19 plates in 

colors, 1902. xxiv, 17-599 p. illus., XIX col. pi. 


5th ed,, thoroughly rev. and enl. Illustrated with 150 engravings and 22 

plates in colors, 1904. xxiv, 17-695 p. illus., 22 col. pi. 


6th ed., thoroughly rev. Illustrated with 177 engravings and 24 plates in 

colors, ['1907]. xix, [17]-6S2p. illus., XXn'' pi. (23 col.) 


7th ed. enl. and thoroughly rev. Illustrated with 168 engravings and 25 

plates. Philadelphia and New York, Lea and Febiger, 1911. xviii, I17]-778p. illus. 
XXIV pi. (23 col.) 


8th ed. enl. and thoroughly rev. Illustrated with 185 engravings and 25 

plates, 1914. xviii, [17]-S09 p. illus., XX:\’’ pi. (23 col., 1 fold.) 

SiMoxDs, James Persoxs, 1878- 

. . . Studies in Bacillus velchii, with special reference to classification and to its re- 
lation to diarrhea. New York, The Rockefeller Institute for Medical Research, 1915. 
130 p. inch tables, [hlonographs of the Rockefeller Institute for Medical Research. 
No. 5]. 

Slade, Daniel Denison, 1823-1896. 

. . . Diphtheria; its nature and treatment, with an account of the historj- of its prev- 
alence in various countries. Being the dissertation to which the Fiske fund prize was 
awarded July 11, 1860. Philadelphia, Blanchard and Lea, 1861. 2 p. 1., [17J-85 p. 
illus. 


Being a 2d and rev. ed. of an essay to which was awarded the Fiske fund 

prize of 1860. 1864. 2 p. 1., [13]-166 p. illus. 

Smith, Allen John, 1863- 

Lessons and laboratory exercises in bacteriolog 3 ’; an outline of technical methods 
introductory to the systematic study and identification of bacteria, arranged, for the 
use of students . . . Philadelphia, P. Blakiston’s son and co., 1902. 1 p. 1., x, 9-298 p. 

illus., diagrs. 

Smith, Allen J [ohn ]. See Kolmer, John Albert. 

Smith, Erwun Frink, 1854-1927. 

Bacteria in relation to plant diseases . . . Washington, D. C., Carnegie institution of 
Washington, 1905-14. 3v. front., illus., plates (part col.) (On verso of t.-p.: Carnegie 
institution of Washington. Publication no. 27) 

Smith, John Hall. 

Lectures delivered by John Hall Smith, M.D., to the Massachusetts chiropody asso- 
ciation (incorporated) 1910-1911. [Boston, J. R. Ruiter and co., printers, '1912] 
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poison; sapremia-toxemia; thrombosis-cmbolisnf^ S™tv"' “ b!oo<I 
Society of American Bacteriologists. «• Diseases of the foot.! 

Constitution and list of members. {Iocludcs:History of organhation Th.<5. ■ . 

H. W . Conn, secretary and treasurer.] 1900. j_g p_^ TheSocieiy, 

Constitution and list of members. [Chicago, The Soeiefv P/init, n i i 
tary and treasurer.] 1902. 15 p. oeie^l. Bdn in 0. Jordan, scerc- 

[The Society, Frederic P. Gorham, secretary and treasurer.) 190!. 33 p. 


Officers of the Society, constitution and list of members. [Tlie Society, Xorman 
SiacL. Harris, secretary and treasurer.] 190S. 16 p. 


Society, Charles E. Marshall, secretary and treasurer.] 1912. 18 p. 

[The Society, A. Parker Hitchens, secretary and treasurer.) 1913. 23 p, 

[The Society, A. Parker Hitchens, secretary and treasurer.) 1911. 23 p. 

[The Society, A. Parker Hitchens, secretary and treasurer. ) 191,5. 27 p. 

State Board of Health of Massachusetts. 

A brief history of its organization and its work, 1S69-1912. Boston, Wright and Pot- 
ter printing co,, 1912. 70 p. 

Sternberg, George MtLUBR, 1838-1915. 

Disinfection and individual prophylaxis against infectious diseases. . . . Concord, 
N. H., Republican press association, 1886. dO p. [American public licalth associa- 
tion. Lomb prize essay, (no. 3)] 


. . . Disinfection and individual prophylaxis against infectious diseases. (Revised 
in December, 1899, by the author.) . . . Columbus, Ohio, The Berlin printing co., 1900. 
45 p. 

Immunity, protective inoculations in infectious diseases, and serum-therapy . . , 
New York, W. Wood and company, 1895. vi p., 2 1., 3-325 p. (On cover: Jfcdicai 
practitioner's library] 


Infection and immunity, with special reference to the prevention of infectious dis- 
eases . . . New York and London, G. P. Putnam's sons, 1903. 1 p. I., w, 293 p. ilhs. 
(Half-title: The science series . . . [12]) 


Malaria and malarial diseases . . .New York, W, Wood and company, ISil. vn, 
329 p. diagrs. (On cover: Wood's library of standard medical authors) 


A manual of bacteriology ... Illustrated by ^/otype and 
plates and two hundred and sixty-eight en^avmp New lork Bond 
pany,l892. xii, 886 p. illus. (part col.) YIII col. pi. [Also, 1893] 

~~aoto-micrographs and bow ' 

1883. XV, [17)-20i p. XX pi. (inch front.) [Also, 1884] 

“Tanitary lessons of the war, and other papers . . . Washlington] D. C., Press of B. 8. 
Adams, 1912. 2 p. L, 91 P- 
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A text -book of bacteriology . . . Illustrated by heliotj-pe and chromo-lithographic 
plates and two hundred engravings. 2d rev. ed. New York, W. Wood and company, 
1901. 3 p. 1., [v]-xi, 70S p. illus., IX pi. (part col.) 

Sternberg, G[eorge] MIiller]. See American public health association, 1SS6. 

See Magnin, Antoine. 

Ste-\-ens, C. See Sayre, Lucius Elmer. 

Stiles, Percy GoLDTirw.\iT. See Biological studies by the pupils of William Thompson 
Sedgwick. 

Stitt, Edw.^.rd Rhodes, 1S67- 

The diagnostics and treatment of tropical diseases . . . with 86 illustrations. Phila- 
delphia, P. Blakiston’s son and co. ['1914] xi p., 1 1., 421 p. illus., diagrs. 


Practical bacteriology, blood work and animal parasitolog 3 ', including bacteriolog- 
ical keys, zoological tables and explanatorj' clinical notes . . . with 86 illustrations. 
Philadelphia, P. Blakiston’s son and co., 1909. xi, 294 p. illus., R' pi. 


2d ed., rev. and cnl., with 91 illustrations, 1910. xiii,345p. illus., plates. 

[Also, 1911] 


3d ed., rev. and enl., with 4 plates and 106 other illustrations containing 

513 figures, 1913. xv, 408 p. illus., R' pi. [Also, 1914] 

Stoxet, E-mily ALuuory Arhstrong. ' 

Bacteriologj’ and surgical technique for nurses . . . Philadelphia, W. B. Saunders and 
company, 1900. 190 p. illus., 4 pi. 


2d ed., thoroughly rev. and enl. by Frederic Richardson Griffith . . . Phila- 
delphia — Xew York [etc.] W. B. Saunders and company, 1905. 2p. 1., 27Sp. illus., 

4 pi. 


3d ed., thoroughly rev. and enl. by Frederic Richardson Griffith . . . Phila- 
delphia and London, W. B. Saunders company, 1910. 2 p. 1., 311 p. illus., plates. 

Thom.^s, Bexj.vmix Abr.vh.\.w, 1878- 

Applied immunologj'; the practical application of sera and bacterins prophylacti- 
cally , diagnostically and therapeutically ; with an appendix on serum treatment of hemor- 
rhage, organotherapy and chemotherapy by B. A. Thomas . . . and R. H. Rw ... 5 
colored inserts and 68 illustrations in text, Philadelphia and London, J. B. Lippincott 
company ['1915] xv, 359 p. col. front., illus., plates (part col,, 1 fold.) diagrs. (part 
fold.) 

Trele.a.se, William, (tr.) See Salomonsen, Carl Julius. 

Trouess.vrt, Edou.^rd Louis, 1842- 

Antiseptic therapeutics. By Dr. E. Trouessart . . . Tr. by E. P. Hurd . . . Detroit, 
Alich., G. S. Davis, 1893. 2 v. 

Turxeaube, Frederick Eugene, 1866- 

Public water-supplies. Requirements, resources, and the construction of works. 
By F. E. Turneaure, C. E., and H. L. Russell . . - With a chapter on pumping-machin- 
ery, by D. W. Mead ... 1st ed. 2d thousand. Xew York, J. Wiley and sons; [etc., 
etc.] 1903. xiv, 746 p. inch illus., plates, diagrs. [-Also, 1906] 


2d ed. Rev. and enl. 1st thousand. 1908. xv, 80S p. inch illus., plates, 

tables, diagrs. 

Tgrne.\.ure, Frederick Eugene. See American school of correspondence. 
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Tuttle, Albert Hekby, 1844- 

vier, 1893.”'^ ■ ■ ■ (Charlottesville, Va.] G. W. Oli- 

U. S. Library of Congress. Classification division 
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Until some sixty years ago, man depended largely upon the perishable food 
supplies produced xvithin a few himdred miles of his home. In general, the 
methods of preparation and the kinds of foodstuffs of animal origin had changed 
little since ancient times. With the rise of bacteriology, coupled with develop- 
ments in the physical and chemical sciences, procedmres have been elaborated for 
the control and study of meat foods. However, the pace of all historical develop- 
ment teaches us that the work in meat technology, as in other fields of food 
technologj’^, has just begun. 

For the preservation of meats, the following practical methods have been de- 
veloped, some of them with an empirical background of great antiquity: partial 
drying and dehydration; curing with salt, nitrates, nitrites, and sugars; smoking, 
icing and refrigeration; culinary heating; packing in metal and glass containers. 
The maintenance of good standards of quality as well as of sanitation in the 
products often depends on adequate microbiological control; and, on occasion, 
specific microbiological problems are presented which depend, for an ultimate 
solution, upon fundamental research. 

Practically every process employed in the meat industry hinges upon the re- 
duction and control of microbiological acthfities. The proteins, carbohydrates 
and fats of meat foods are all xmlnerable to the action of many kinds of micro- 
organisms. There are munerous species of nonpathogenic bacteria, j'easts, and 
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molds winch can discolor fresh and cured meats by oxidative processes- induce 
oxidative rancidity m fats, and discolor fats and oils with their pigments - ferment 

age of unprotected protems m a number of ways. For discussion of the many 
activities of microorganisms in meat foods and practical measures for control of 
microorganisms in meat plants, the reader is referred elsewhere (36). 

The following sections illustrate a few of the problems arising from large-scale 
processmg of meat foods which may be of general bacteriological interest. 


1. ACTION OF CERTAIN BACTERIA ON MYOHEMOGLOBIN AND NITRIC-OXIDE 
DERIVATIVES FORMED IN CURED AIEATS 

The color of muscle tissue is red in the fresh, imheated state, but this color is 
not due to residual blood or hemoglobin. The pigment is myohemoglobin (or 
myoglobin), an integral part of the muscle tissue, which does not circulate in the 
blood stream. Hektoen, Robscheit-Robbins, and iVhipple (27), by means of the 
precipitin reaction, have demonstrated the non-identity of myoglobin and hemo- 
globin. However, the general properties of these two pigments are sufficiently 
alike so that one maj’’ use the blood pigment for certain experiments in place of the 
muscle pigment without serious error in the conclusions dra^vn therefrom, ac- 
cording to Urbain and Jensen (103). 

Unlike fresh meats, the cured meats retain their redness on cooking. Chiefly 
through the work of Haldane (25) and Hoagland (29), the stability of the cured 
meat pigment towards heat has been shown to be a property of nitric-oxide 
derivatives of the pigment resulting from the chemical interaction with nitrite 
either added directly in the curing salts or produced through bacterial reduction 
of nitrate. (These investigators assumed the pigment of meat to be identical 
•with the blood pigment.) Successful curing of the meat eventually leads to the 
formation of nitric-oxide myohemoglobin, according to the reaction: NO -k myo- 
hemoglobin = nitric-oxide myohemoglobin. The source of the nitric oxide is 
nitrite or more properly nitrous acid. Upon heating, the nitric-oxide myohemo- 
globin is converted to nitric-oxide hemochromogen, a denatured protein. The 
fact that this hemochromogen is red is one of the objects gained by the employ- 
ment of nitrite and nitrate in the curing of meats. Any reaction which pelds 
unusual colors in cured meats is undesirable as a matter of custom rather than o 


sanitary deficiency. , 

In the past, one of the most troublesome phenomena in the meat plant was me 
discoloration of cured meats, such as green rings in frankfurters, ^een boiled 
hams and dried beef hams. The pink nitric-oxide pigments are sensitive to oxi- 
dations of microbial origin and become emerald green, gray, and broira m color 
when “oxidase’'-forming bacteria act upon them. Reducing agen 
restore the pink color but the use of compounds, such as sulfites, is P'-ohibite y 
law The greening action of a few species of bacteria on blood agar 

olmmctoistic th.t oomidep.blo „t 

phenomenon. The ereen pisment fomed hns been Monbed to » v.r j 
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causes, among which are the following: formation of methemoglobin, Zinsser 
and Bayne-Jones (115), and Valentine (104); action of lactic acid, Ruediger (87) 
and Hagan (24); oxidation, McLeod and Gordon (71); reduction, Holman (31); 
xanthroproteic reaction, Barnard and Gowen (4) ; and an optical illusion. Boxer 

( 7 ). 

Jensen and Urbain (51) have shown that manj' species of bacteria possess 
mechanisms for discoloring blood pigments and their nitric-oxide derivatives. 
They found that the kinds of microdrganisms responsible for the formation of 
green pigments in meats and blood-agar are those which oxidize hemoglobin, 
nitric-oxide hemoglobin, nitric-oxide hemochromogen, and hematin. In ad- 
dition, bacteria producing hj^drogen sulfide cause green discolorations of these 
pigments. The role of hydrogen sulfide in the production of these discolorations 
is one that is somewhat involved. Hydrogen sulfide reacts with reduced hemo- 
globin to form a purple compound. On exposure to oxygen, this purple com- 
pound oxidizes rapidlj’’ to form a green compound. Spectrophotometric measure- 
ments have been made on the green pigments obtained bj’’ the action of certain 
oxidizing bacterial enzymes on nitric-oxide hemoglobin and by the action of 
hydrogen sulfide on hemoglobin. These compounds were foimd to be spectro- 
scopically different from methemoglobin. It will be remembered that methemo- 
globin is brown in color, not green. Hence, in speaking of the greening action of 
some bacteria on blood-agar plates, one should not designate the greenish halos as 
due to methemoglobin. Recent work indicates that these green pigments or 
“verdohemes” may be related to, or identical with, some of the bile pigments like 
biliverdin. The reader is referred to the pubhcations of Lemberg and col- 
laborators (61 to 67) for information on the chemistrj’- and occurrence of some of 
these green pigments in various biological materials. 

Green pigments, prepared by treating fresh grmmd beef myoglobin and fresh 
defibrinated hog’s blood with H 2 O 2 and NaN02 and also with H 2 S, were fed to 25 
white rats and 25 white mice, supplementing 20% of the green pigments in the 
standard basal diet. Each lot of test animals was fed these pigments for one 
month mth no ill effects. These test animals were irradiated each week for 30 
minutes rmder a General Electric S2 ultraviolet lamp; and they exhibited no im- 
toward reactions to this treatment, i.e., there was no photo-sensitization induced 
bj’- porphjTins as described by Blum (6). 

What are commonly spoken of as “green rings” in sausage occur near the 
casing, varjdng in frankfurters, for example, in distance from the casing from one- 
sixteenth to one-eighth of an inch (1.5 to 3 mm), and in width from a faint — at 
times, discontinuous — circle to a band one-eighth of an inch (3 mm) across. 
The green discoloration may appear also as a core in the center of the sausage. The 
circular form of green ring has often been noted in square-pressed bologna. The 
various bacteria which can bring about these oxidizing reactions are: (a) those 
which elaborate oxidizing enzjTnes, some insensitive to catalase and thermostable, 
and some sensitive to catalase and thermolabile (effects destroj'ed b^’ heating to 
155-1 60F (68.4-71. IC) for 15 minutes); (b) H 2 S-forming bacteria, both aerobes 
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and facultative anaerobes growing at an optimum zone in the sausage - (c) “ov-i 
dizmg bacteria growing at an optimum zone only. The rtrSmaL 1' 
probably due to a phenomenon similar to that observed by Neilfand Hastings 
(76) in nhich the o.vygen tension governs the amount of oxidized hemoglobin S 
ho presence of a constant amount of pneumococcus extract. Their data show 
that when the oxygen tension approaches zero, only traces of the o.xidized pig- 
ment are formed by the extract; and when the tension of molecular oxj^gen is 
great, again only traces of the oxidized pigment are formed. However, at inter- 
mediate, optimum 0 X 3 ’’gen tensions much oxidized pigment is formed. In many 
instances, the green-ring formation in casing sausage is formed according to the 
quantity of oxygen dissolved, provided that the bacteria have gronm sufficiently 
in the trimmings from which the sausage was made. The addition of sterile 
bacterial filtrates to fresh sausage materials has resulted in the production of 
green rings in the finished product. For a detailed discussion of these green rings, 
the reader is referred elsewhere (38). 

The iridescence of sliced cured meats, such as ham, bacon, and dried beef, is 
due to the peculiar surfaces of cured meat fibers. The color is a structural color 
as opposed to a pigment color. It is due to the breaking up of white light by the 
highly fibrous character of the surface and to the film of fat on these fibers. If 
the fat is removed, the iridescence disappears. Any oil applied to the defatted 
surface mil restore iridescence. The phenomenon has no sanitary significance, 
and is related to that of the diffraction grating or “clam-shell” play of colors. 

2. ANTE-JtORTEM AND POST-JIORTEM CHANGES OF TISSUES OF FOOD ANIMALS 

(a) Bacteriology of Tissues of Living and Slaughtered Hogs. There is very little 
information available as to the occurrence of bacteria in tissues and blood in 
healthy persons, according to Topley and Wilson (100). However, some miters 
(Norris and Pappenheimer (77), Arnold (3), and Burn (11) ) state that there is 
definite evidence that tissues may not alwhys be sterile in normal human beings. 
Most of the early work on the bacteriology of tissues of normal animals indicates 
that tissues, especially muscle, are sterile. Other workers have reported the 
presence of a variety of microorganisms in the blood, viscera, and muscular tis- 
sues of healthy animals (48) . In 1926 Keith (82) , after a careful study of various 
tissues of hogs and laboratory animals, came to the conclusion that aerobes and 
anaerobes are present in the musculature and blood of apparently normal animals. 

If one upholds the ante-mortem infection theory, the problem of meat spoilage 
becomes a refrigeration-engineering problem to a large extent, and whatever 
spoilage occurs must be considered unavoidable even though applied bacterio ogy 
functions ideally. However, the work of Bum (11) on post-mortem bactenobgy 
points to the phenomenon of agonal invasion; and the work of Jensen and tiess 
(48) supports the view that the invasion of bacteria is agonal and post-mormm 
rather than ante-mortem. A series of biopsy studies was conducted on pnm 
normal hogs whose blood, bones, bone marrows, and muscle 
bacteriologically. After the surgical fields ^ve^e « o^^d sutur d 
covered with celloidin, the animals were immediately taken to the kil g 
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hoisted, stuck and bled, washed, dehaired, butchered, and dressed. Before they 
were chilled and tanked, the c’cntrol tissues and expressed blood were examined 
(40 minutes later) . Except for one animal (which appeared normal, but harbored 
Hemophilus sp. in all tissues examined while alive and after dressing as well), 
none of the hogs, while alive, showed the presence of microorganisms in the tissues 
or the blood. The post-mortem findings indicated, however, that bacteria may 
occasionallj’’ be found in the tissues and blood. The tissues post-mortem may 
show the presence of species of Achromobacter, Pseudomonas, Serratia, Bacillus, 
Proteus, Micrococcus, Clostridium, “diphtheroids,” and Tonda (48). These find- 
iags suggest that bacteria may on occasion be found in tissues immediately after 
death from slaughter. 

Man}’’ investigators have determined a few of the mechanisms which remove 
bacteria from the blood stream, a subject which has been reviewed elsewhere (48). 
Norris and Pappenheitner (77), who introduced Serratia marcescens into the oral 
ca^^ty of human beings immediate^'’ after death, recovered these bacteria from 
the lungs several hours later. Some pathologists say that contamination of the 
heart’s blood occurs through the large veins from the lungs, and that heart’s 
blood at autops}’- practicallj’’ alwa 3 ’-s shows contamination with many species of 
microorganisms. It has long been known b}' pathologists that, at autopsj’’, 
bacteria and remnants of food may be found in the lungs, i.e., “food dowm the 
wrong wa 3 ^” It is not uncommon to find com and other food in the lungs of 
slaughtered hogs. Htilphers (33) describes microorganisms fmmd in lungs of 
slaughtered hogs, and most of these microorganisms appear to be soil flora. 
There is a unique mechanism of contamination of some Ihdng animals shoAvn first 
by Tarozzi (96) and later b 3 ’’ Canfora (12). Each of them injected spores of 
Clostridium tetani into animals. There were no ill effects from these inoculations. 
After a considerable length of time (up to 55 da 3 ’’s), a bone of one of the animals 
was broken or traumatized, following which tetanus usually occurred, showing the 
longe'\’it 3 ’’ of spores in the normal anim al bod 3 '’. Koser and McClelland (56) 
foimd the spores of clostridia recoverable from the bod 3 ’' long after the spores of 
aerobes had disappeared. Contamination of the bone marrows, especial] 3 >' the 
red marrows, may perhaps occur in the normal animal through permeabilit 3 ’' of 
the intestinal mucosa, ^^a wounds, the lungs, and the upper respirator 3 ’’ tract. 
In this connection, the occurrence of latent infections should also be considered, 
Me3’-er (73). 

Man 3 '' theories, current in the meat-processing industry’-, on the source of con- 
tamination of tissues haA'e been investigated (48), and brief mention is made of 
some experiments which ma 3 " be deserving of fm-ther stud 3 ^ The skin of a hog 
obA-iousl 3 ^ is hea\’il 3 '- contaminated with microorganisms. When the stick knife 
passes through the skin, severing the jugular vein and sometimes the carotid 
arter 3 ’, the blade is washed ndth venous and often with arterial blood. The heart 
ma 3 ' beat from two to nine minutes after the stick wound is made. Some of the 
shackled, hoisted hogs contract their heads in the direction of their forelegs and 
thus withhold some of the blood b 3 ' constriction and hematoma, allo^ving some 
blood from this area to reach the heart and be circulated. A “negative” pressure 
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may be set up in the severed or pierced vessels, ov-ing to the labored breathing 

aS starvation). The flow of the pooled blood 

and blood withm the vein is towards the heart. 

Tests were made by dipping the blades in cultures of various bacteria and then 
sticking the hogs m the usual manner. Some of these bacteria (possessing an 
Identifying cultural characteristic to distinguish them from the usual flora) were 
recovered from the marrow of the tibia and other bones. A large number of hot^ 
were then bled aseptically (a technic which obriously brings to mind the methods 
employed by the serum companies which produce hog-cholera serum and other 
immunizing serums. It has long been observed that such “serum” hogs when 
slaughtered produce a very low incidence of sour meats). However, the aseptic 
bleeding as effected in the above tests did not close all portals of contamination 
of the tissues, including bone marrow; but technical sanitation of the pork-block 
in conjunction vdth other methods of applied bacteriology, reviewed elsewhere 
(48), effected a marked reduction in the numbers of sour marrows and tissues. 

Practically all investigators in this field have observed the absence of coliform 
bacteria in hams. Boyer (8) states: “The absence of the Bacillus coli group of 
organisms from the numerous cultures taken from these hams is of particular 
interest. The members of this group are abimdant and ubiquitous on the killing 
floor, and are almost invariably found on the surfaces of the carcasses which are 
exposed during killing floor operations. Their absence is of special significance 
in that it goes far to eliminate the possibility that organisms present in the hams 
gain access during killing floor operations.” 

The stick-blade contamination and the tram of conditions following the sever- 
ing of the neck vessels should favor the entry of coliform and other bacteria into 
the blood and marrow. However, some factor prevents their reaching the mar- 
roAV or surviving therein if they do reach it. It is well Imown that undiluted, 
fresh mammalian blood is bactericidal (1). Hog’s blood was drarvn aseptically 
from the tail of a live hog, as is done by the commercial producers of serum, and 
bled directly into sterile containers containing glass beads for defibrination. 
Various freshly isolated strains of bacteria {Escherichia coli, species of Pseu- 
domonas, Serralia, Achromobacler, vegetative clostridia and Bacillus, and Staphy- 
lococcus aureus) were added in minimum amounts of menstruum so that the blood 
would contain about 50,000 viable cells per milliliter. The defibrinated blood 
containing these bacteria was cultured at short intervals up to 24 hours. It was 
found that many of the flasks were practically sterile after 2 to 5 hours and other 
strains survived with less complete reduction in numbers. The ham-sommg 
types of bacteria, such as certain strains of Serralia, Achromobacler, ClosMium 
vuirefaciens of McBryde, and Pseudomonas, were more or less resistant to the 
bactericidal effects of hog’s blood. The suspensions of StaphyloMccus aureus an 
Escherichia coli were often sterile after 2 to 5 hours. These studies should be 

^"(bfAZtlyrisTrissues. Over 70 years ago 

liquefaction of dead tissues occurrmg uuthout 

noted that the phenomenon resembled the effects of digestive 
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experiments performed b 3 '’ Ernst Salkowski (88) in 1890 led this investigator to 
the discoverj’- of tissue autolj’-sis, which he named “autodigestion.” He used 
chloroform as a bacteriostat. Little notice was taken of this work for a decade 
until h'lartin Jacoby (35) took up the work again and introduced the term 
“autol 3 ’’sis.” 

The one great difficultj'- in evaluating true autolysis is the uncertainty of con- 
tinuing and effective antisepsis. Von Fiirth (107) states that it was assumed 
there would be no danger of bacterial growth in finety dhdded tissues saturated 
wdth chloroform or toluol. He states that it was usually supposed that, if a few 
drops of toluol or a few bits of thj’'mol were added to a thick emulsion of some 
tissue, it would be quite safe to incubate the emulsion for months, and that the 
danger of bacterial action “would be surety and for all time eliminated b}' such a 
purely sjnnbolic performance (for that is actually about aU it represents). . . . 
It is quite ob\dous whj’’ ‘discoveries’ prospered and multiphed in our hterature on 
the same scale as did the bacteria in the pots and jars of the experimenters.” 

The question of tissue sterility also enters into the picture. There are times 
when many tissues of slaughtered animals are not sterile, although biopsy ma- 
terials are usualty sterile. 

A large number of experiments have been performed to demonstrate the native 
autolytic enaymes of tissues (109). Some microbiologists do not subscribe to the 
existence of autolytic en2yme3 because of the faulty bacteriological techniques 
emploj'’ed in certain biochemical experimentation. Recent work bj’" Reeves and 
Martin (81) demonstrates that bacteria do grow in manj’^ tissue preparations con- 
taining preservatives calculated to stop bacterial growth. In their experiments, 
the sterility of digests could be determined onty by smears and cultures. They 
repeatedlj’’ found bacteria growing in digests which were free from putrid odors 
and showed no evddence of bacterial growth. However, there are methods (2) 
available for the isolation of autolytic enz 5 Tnes. Further work is needed in this 
field with new presenmtives and more adequate microbiological controls. 

There are several opinions extant on the exact mechanisms responsible for the 
tendering of meat. Some observers believe that the connective tissues are re- 
sponsible for tough meat and that the change from collagen (of connective tissues) 
to gelatin correlates closety with the degree of tenderization. Other workers 
have concluded that connective tissues are very httle changed and that the 
tenderness of meat is due to the muscle fibers becoming inelastic and thus tender. 
Another group does not consider that autolysis by native ferments pla 3 'S an 3 ^ ap- 
preciable role in meat tendering during the fii'st month of storage and does not 
reckon that microorganisms aid in the process. 

The question of autotysis has been discussed in detail by’ Hoagland, iMcBryde, 
and Povdck (30) who believe that meat tendering during storage may be regarded 
as largety due to enzyme action. There is no question that some denaturationof 
soluble protein occurs during rigor mortis. Denaturation, as well as autotysis of 
muscle, favors subsequent bacterial decomposition of muscle. Gibbons and 
Reed (21) studied the effects of autotysis on the subsequent bacterial attack in the 
muscle and kidney' tissues of haddock. They found that the degree of autotysis. 
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preceding the introduction of bacteria, did not affect the growth rate but did 
make a marked difference in the subsequent chemical changes. 

Ripenmg and tendering beef hy aging in coolers with controlled humidities and 
temperatures IS the common method employed in peace times in large meat 
Plante. Durmg the holding period, molds of several genera appear on the cut 
^rfaces of the meat (usually, species of Thamnidium, Rhisopus, and Mvcor). 
The bacteria found on the surfaces are usually species of Ac/iromobacier and 
Pseudomonas. Hundreds of e.\aminations of “whiskeiy” beef stored for tender- 
ing have revealed this flora. There is a sharp difference of opinion on the 
question whether or not microorganisms aid in producing the organoleptic quali- 
ties demanded of aged beef or whether autolysis produces these effects. 

Under ordinary conditions beef is held about 5 days at 36° to 38°F (2.2° to 
3.3°C)^ after slaughter before it is remoi-ed to various departments for final 
disposition. If the beef is to be held for “ripening” so that increased tenderness 
and flavor develops, it is observed that at higher temperatures shorter holding 
periods are required. For instance, beef held at the following temperatures and 
times show practically the same degree of tenderness (as judged by experts): 

21 days at 34°P ( l.rC) 

S days at 40°P ( 4.4°C) 

5 days at 47''P ( 8.3°C) 

3 days at eO'P (15.6'C) 

At the e.xpiration of these holding periods at the various temperatures the meat 
should be handled promptly. There is no noteworthy difference in flavor of the 
lean meat, of the fat, or in the juiciness of the comparable steaks. 

The prevention of shrink, preservation of bloom, and control of microorganisms 
on meats are subjects on which e.xperimente go on continuously. The student is 
referred to the work of A. W. Ewell (15-18) for the practical effects of ultraviolet 
light and ozone on beef and foods in refrigerators of high humidity. 

Many investigations have been made on the tendering effect of enzymes on 
sausage casings, ground meats, and other protein foods. Many enzymes have 
been used experimentally’^ for this purpose. The enzyme of the osage orange 
(macin) is a strong protease, as is the asclepian from the juice of the milkweed. 
The action of the protease of edible mushrooms has long been obseri.-ed when fry’- 
ing meats n'ith fresh edible mushrooms. Ficin, the rapid acting protease of figs, 
can be used; and bromelin, the strong proteoljdic enzj'me in fresh pineapple juice, 
has been used for some time in tendering casings of frankfurters (SO). Papain, 
the strong proteolytic enzj’me of papaya, has been used in the Americas for a long 
time Kilmer (52) ; and the proteolytic enzyme of the Aspergilhis oryzac-jlavus 
group can be used for any tenderizing of foods. None of these preparations 
be used in inspected plants mthout permission of the Federal Jfeat Inspection 

^ThTtemperature at which such an enzjmie 

portant; the ideal preparations are thoseinactivated at about 1 lOF (i lO). 



MICROBIOLOGY AND PRESERVATION OF MEATS 


169 


enzyme is not inactivated at 165 to 175F (74 to 79.5C) during culinary heating 
the meat tends to become mushj’’ or but 3 Tous in texture which is organoleptically 
undesirable. 

Enzjunes are not used in tenderizing hams or in the preparation of ready-to-eat 
hams; to accomplish this end, the read 3 ’’-to-eat hams are cooked in the smoke- 
house, and tenderized hams are heated in the smokehouse to an inside tempera- 
ture of 137F (58.4C) or higher. 

3. ACTION OF anCROORGANISMS ON FATS 

The action of microorganisms on oils and fats (other than butter fat) is a field 
awaiting extended studJ^ Bacterial and mold metabolism of proteins and their 
derivatives and of carboh 3 ’'drates have been studied extensive^ with brilliant 
results; but in the case of fat metabolism greater difficulties are encountered both 
in the few varieties of microorganisms that will grow on such substrates and the 
character of the spht products. Again, many of the mechanisms of oil and fat 
“spoilage” have not generally been considered bj’’ oil chemists to be due to 
microbial action. To be sure, pure refined fats and oils freed from tissues and 
moisture are more prone to attack from atmospheric oxygen, light, and active 
catatysts like copper or hon than to direct contact with subsequent growth of 
microorganisms; but it has been proved in large-scale tests that fats, produced 
from animal and vegetable tissues that have been handled under the best sani- 
tary conditions, show greater stability than fats processed from tissues showing 
large numbers of Upolidic and oxidizing microorganisms. 

Colin H. Lea, who has done extensive work on this subject, states (59) : “It is 
only comparatively recently that oxidizing enzjanes have come to be regarded as 
potential accelerators of oxidative rancidity in foodstuffs. The earhest work ap- 
pears to have been that of Jensen and Grettie (44), who inoculated fats with 
oxidase-producing organisms and found that the development of rancidity was 
frequently accelerated. The method they used for identifjing oxidase-formers 
was to plate out the mixed organisms onto fat-emulsion agar and, after incuba- 
tion, to flood the surface of the medium either with dimethyl-p-phenjdenediamine, 
or with the Nadi reagent. Colonies of oxidase-producing organisms treated in 
this waj’’ stained red or ^dolet-blue, owing to oxidation of the reagent to a highly 
colored quinonoid compound. More recentty similar colour reactions have been 
obtained from the soj’-a bean and from pork adipose tissue, indicating that these 
too contain enzjmic oxidizing sj^stems. Such colour tests, however, only afford 
emdence of general oxidizing conditions, since hj-’drogen peroxide produced as a 
bj’'-product of anj' enzjmic oxidation would, in the presence of peroxidase, oxi- 
dize p-phemdenediamine and the Nadi reagent. It is, of course, quite possible 
that fat also might be oxidized bj’- nascent h 5 ’'drogen peroxide under these con- 
ditions. 

“There seems little doubt, however, that certain tj’pes of micro-organisms do 
accelerate the production of oxidative rancidity in fats. Cases have been ob- 
serA’’ed, for example, where beef fat stored under conditions favomable to the 
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growth Of imcro-organisms has rapidly'lost its induction period (determined after 
extraction from the tissue), though separate experiment had indicated that the 
acfavity of the tissue oxidase was probably too low to account for this result.” 

oroughly dry , pure fats are incapable of supporting bacterial growth. How- 
ever, when fats contam over 0.3% moisture it has been observed that micro- 
organisms can grow on them. The constituents of fats other than glycerides 
maybe important in rancidity. Jensen and Grettie (45) state: “Oils and fatsfrom 
natural sources contain besides fatty glycerides small amounts of other materials, 
such as high molecular weight alcohols, hydrocarbons, protein residues and other 
nitrogenous matter, phosphatides and carotenoid pigments, which cannot be 
completely removed by any degree of refinement. Many of these minor con- 
stituents enter into and affect the reactions contributing to spoilage regardless of 
the source of the oil or fat. Their presence tends to confuse the study of the 
spoilage of oils and fats because they not only may decompose to small amounts of 
odoriferous substances but may act as catalysts, bacterial substrates, or inhibitors 
either retarding or promoting reactions contributing to the spoilage of oils and 
fats.” 


These writers conclude that microorganisms may cause (1) oxidative rancidity, 
(2) hydrolysis, (3) talloiviness, and (4) flavor changes owing to the production of 
various volatile products. It appears, therefore, that microbially induced ran- 
cidity is more extensive than has been realized. 

The literature in this field, and the present status of the problems may be 
found in C. H. Lea’s “Rancidity in Edible Fats,” 1938 (58), H. K. Dean’s 
“Utilization of Fats,” 1938 (14), and L. B, Jensen’s “Microbiology of Meats,” 
1942 (40). 


4. EFFECT OF NITRATES ANB NITRITES ON BACTERIA IN CURED MEATS 

(a) Action of Nitrates. In the field of the microbiology of meats, there are few 
subjects over v'hich there has been more controversy than on the effect of sodium 
nitrate on anaerobic bacteria in meats. Nitrate has for many decades been used 
in limited amounts together with sodium chloride to “cure” meats, both in pieces 
and comminuted. Nitrate is reduced by microorganisms in part to nitrite which 
forms by chemical action the heat-stable, nitric-oxide derivatives of the meat 
pigment, myohemoglobin. Since 1925, the Bureau of Animal Industry (now 
Meat Inspection Division) has permitted the use of sodium nitrite per se (not 
over 200 ppm) in meat-curing mixtures. It has been found, howwer, that nitrate 
is needed in the curing mixture and that there is much merit in the use of both 

nitrates and nitrites. ^ a- ^ e 

In 1907 Richardson (83) pointed out that “the most beneficial effect ot nitrate 

in the curing of meat is its transformation of what w'ould, othen^'ise, be anacro c 
tondtffons, into aerobic ones in the bacteriologic sense. . . ._ I need only say ere 
that it has been shown that aerobic bacteria udll dei'elop m the a ss^e 
nitrate is present in the culture medium and the anaerobes refuse gr 
r«r.r* presence of nitrate, 'ae tact “ 

(Faulnis) is an anaerobic process and that this process can be transformed 



mCROBIOLOGY AND PRESERVATION OF MEATS 


171 


aerobic one by the presence of saltpeter, is a most important point in the curing 
of meat.” 

Grindle 3 ’-, MacNeal, and Kerr (23), in an extensive research on the effect of 
nitrate on bacteria in curing meats, found that in acid solutions (meats are 
usually at pH 5.9 to 6.1) even small amounts of nitrate exerted a marked 
inhibitor}^ effect on bacteria in the curing vat. The grovTh of salt-tolerant 
bacteria was restricted by small amounts of nitrate in the pickling brine. 

Summarizing his own work. Tanner (94) vTote: “WTiile meat packers desired a 
nitrate cure a few years ago, results of extensive investigations indicate that, at 
times, a mixed cure (containing both sodium nitrate and sodium nitrite) is 
desirable from the standpoint of both spoilage and development of toxin bj’’ 
Clostridium holulinum. The presendng effects of such curing solutions have been 
generally attributed to the nitrites, either those added as such or those secured 
by reduction of the nitrate; however, evidence has been recently collected which 
might indicate that the nitrate itself may have some value as a preservative. 
This position is suggested by the fact that curing solutions containing nitrate 
have shown preser\'^ative action even though the nitrate reducers have been 
destroj'ed by the process.” 

Large-scale tests were performed in the Swift & Company Research Labora- 
tories (36) on the effect of sodium nitrate' on spiced ham containing approxi- 
mately 10,000 spores of Clostridium sporogenes per gram in 6-poimd cans. The 
cans, and lots without nitrate added, were then processed for 5 hours at 68.3C 
(155F) according to a schedule no longer in use. The experiments showed that 
nitrate is of benefit in preventing the grov-th of Clostridium sporogenes. It was 
also obsen’^ed that spores of some species of Clostridium are killed at lower tem- 
peratures and at shorter holding periods when heated in the presence of 0.1% 
NaNOs. This adjuvant effect of nitrate was investigated by Yesair and Cameron 
(114) who found that the effect of curing salts on the thermal death time of spores 
of the test organism is apparently’’ to reduce the time at temperatiues lower than 
230 to 235F (110 to 113C), and the slopes of the thermal death-time curves are 
greater when the salts are added. This phase of the subject is deserving of 
further study. "When spores of Clostridium holidinum are incorporated in cured 
meat and thermal death-times compared with those of the spores incorporated in 
imcured meat, the inhibitive effects of the curing salts are apparent, but when the 
heated meat is subcultured in a liquid medium the spores are shown to be mable. 
Resistance values determined by subculture after heating are approximately the 
same in the cured and unciued meats. One of the shortcomings of nitrite is that 
it reacts with protein when heated at canning temperatures and is destroy'ed, and 
thus if nitrate is not present the meat in cans might not be well protected from 
germination of resistant spores of clostridia. 

The sensitmty of species of Clostridium to oxygen still awaits satisfactory ex- 
planation (91). It is held by some bacteriologists that in the absence of catalase 
much HjOj can be formed by’’ many bacteria or accumulates, and that the amount 

* To each 200 lbs. meat were added 4 oz. (0.125 %) NaXO,, 0.5 oz. (0.015 %) NaXOi, 
3.5% XaCl, 2% sugar, spices. 
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peroxide form^ might kiU vegetative formsof sporing anaerobes or retard their 
development. This view has been objected to on the grounds that prolonged 
aeration of culture media contammg material oxidizable by these bacteria does 
not form H 2 O 2 . Also when catalase is added, certain clostridia do not grow 
aerobically. Agam, it is held that washed suspensions of Clostridium sporogenes 
flcrfl-tcu in tin oxidizubls mGciiuni fail to takG up oxygen. 

Leifson (60) found, however, in extended experiments on spore-forming bac- 
teria, that only vegetative anaerobic cells were oxygen sensitive. These cells 
were so sensitive that most of them were killed by less than 2 to 3 minutes of ex- 
posure to air. The change from the nonsensitive spore to the exceedingly sensi- 
tive vegetative cell was so abrupt that only in a few cases was the sensitivity of the 
intermediate stages obtained. His results also show the weU-knmni effect of 
nitrate on the germination of bacterial spores. He found 1% sodium nitrate to 
inhibit sporulation of Clostridium botulinum. 

McLeod and Gordon (72) obtained their evidence of pero.xide formation by ob- 
serving greening of heated blood agar (chocolate agar) a few millimeters below the 
surface at a zone where penetrating atmospheric o.xygen meets with growth of 
clostridia. It is possible that the greening action is due to production of thiol 
compounds which ma 3 ’-, on contact nith oxygen, form HjOs. On the other hand, 
HiS may form sulfhemoglobin or related compounds which, upon contact with 
oxygen, change into the green compounds described in Section 1. 

WTicn Clostridium botulinum is gromi under anaerobic conditions on the sur- 
face of blood-agar plates containing benzidine and then exposed to air, sufficient 
peroxide accumulates to produce dark halos. This test shows peroxide produc- 
tion in the presence of oxygen. Hence, since strict anaerobes apparently do not 
produce catalase, the organisms are unable to destroy the toxic oxidizing com- 
pound. (Peroxidase does not decompose H:02 in the absence of an oxidizable 
substance, whereas catalase decomposes H 2 O 2 in the absence of an oxygen ac- 
ceptor.) 

The work of Hart and Anderson (26) indicates that the green discoloration pro- 
duced on chocolate agar can be reproduced anaerobically by the action of reduc- 
ing systems, including cysteine and bacterial suspensions with hydrogen donators. 
The identity of the green pigment is not clear, but the above e\adence is taken by 
many writers to prove that hydrogen peroxide is not the only “reagent” which 
can form a green zone in blood pigments. Hart and Anderson state that dis- 
coloration of heated blood agar (chocolate agar) by certain streptococci k m- 
hibited by catalase W'hich is dhect evidence that the greening is due to H 2 O 2 . 
The greening action on imheated blood media by the pneumococci and strepto- 
cocci is viewed by them as an entirely different phenomenon. The discussion m , 

Section 1 may extend some of these views. , , , j t 

The reader is refeived to the work of Broh-Kahn and hlirskj’^ (9) w 0 0 no 
agree wth McLeod and Gordon’s peroxide theory. They believe ako that the 
reduction potential theory of Quastel and others is equaUy untenable. It m y 
w'oLri that no at «.e ptesent ttoe 

grow in air, and in the writer’s opmion, meat technologists should resene ju g 
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ment as to the effect of nitrates on clostridia and the mechanisms of green-pig- 
ment formation until tins field is more fullj’- developed. 

The important work of Tarr (9S) on the action of nitrite on bacteria, recent^ 
reported, needs serious attention in evaluating the mechanisms of growth re- 
tardation of anaerobes and aerobes in mixed cure with nitrate. 

(b) Action of Nitrites. Tarr (98) has shown that nitrites ma}", imder certain 
conditions, play an important part in retarding the growth of many kinds of 
bacteria and thus delay the spoilage of meats. The work done by other investi- 
gators has indicated that large amoimts of nitrite — greatly in excess of 0.02% 
nitrite permitted bj- law — are necessary to loll or inhibit bacteria. Since 
pre\'ious workers did not state the pH of the media the}" employed, it may weU be 
that the media were neutral or faintly alkaline. Tarr found that bacteria are 
susceptibletolowconcentrationsof nitrite only at pH values below 7. Not all bac- 
teria studied proved equallj’- susceptible to nitrite, and certain organisms proved 
to be resistant. The gron"th of species of the following genera at pH 5.7 to 6.0 was 
either inhibited or prevented b}”- 0.02% of sodium nitrite: Achromobacier, Flavo- 
bacterium, Pseudomonas, Micrococcus, Escherichia, Aerobacter, and one species of 
Torula. Tarr found that in the acid range 0.02% NaNOa also inhibited the 
grovdh of two species of obhgate anaerobes, Clostridium bohdinum and Clostri- 
dium sporoge7ies. Likewise, 0.02% NaN02 inhibited the growth of Eberthella 
typhosa and Staphylococcus aureus. WTiile Tarr does not attempt to explain the 
mechanisms of inhibition, he points out that nitrites may combine with respira- 
torj’’ hematm compounds. Ingram (34) found that oxygen uptake in the case of 
the aerobic, cjdochrome-containing Bacillus cereus is inhibited by traces of nitrite. 
There is little doubt that nitrite acts directly upon the bacterial cell, but whether 
its action is general or specific is not clear, according to TaiT. He found that 
NaNOs in concentrations of 1 and 10% exerted marked bactericidal action in acid 
medium, but not above pH 7. In this connection, Bittenbender et al. (5) re- 
ported that Staphylococcus aureus was not kffled upon exposure to 38.8% of 
sodium nitrite for 10 minutes at pH values between 3 and 8. These workers did 
not report the numbers of organisms inhibited but recorded only the presence or 
absence of growth. 

Quastel and Wooldridge’s (79) work suggests that nitrites inactivate certain 
enzymes bj’^ combining with their amino groups. 

The theoiy that inhibition of the growth of sporing anaerobes during meat- 
curing processes is due to H 2 O 0 , a substance which is toxic for clostridia even in 
extremely small amounts, and which may accumulate through inhibition of 
catalase by the hydroxj-lamine formed in cures (46), may weU account for some 
growth inhibition; but Tarr’s phenomenon shows that nitrites also retard 
clostridia under such conditions. Some recent work has demonstrated that 
hydrogen peroxide does possess antibacterial action. Green and Pauli (22) have 
observed that the antibacterial action of the xanthine oxidase sj'stem is due to the 
formation of H;02, a product of the enzjTnic action, "i’an Bruggen, Raistrick, 
ct al. (105) have shown that penicillin B (an enz^-me of flavoprotein nature) owes 
its bactericidal powers to H 2 O 2 , a product of the enzjmic action. McCuUoch 
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00) rates that H 2 O 2 can prevent the growth of anaerobic organisms althoush ifs 
mtaco . t^siloo., but it it iuctpable ot destroj^g lhe1~„r ISL 
mi nil ^ ^ ^ heated at canning temperatures above lOOC (212F) 

Z? K IS destroyed. Brooks, Haines, Moran, and Pace (10) 

ve observed that at 212P the tune requued for fifty per cent destruction of 
nitnte increases wth the initial concentration ranging from 13 to 120 minutes 
for vidues of 30 to 589 g NaNOi per 10® g tissue. With the usual times of cook- 
ing, tne reduction from a high to a low nitrite content cannot be e.\-pected. 

The presence of nitrate in a finished sausage or other mixed-cure product on 
occmon presents the disadvantage of continued production of nitrite by bacteria 
during transit to some inspection laboratoiy or during improper storage in the 
chemists’ locker before undergoing analysis. Much misunderstanding has arisen 
from this avoidable bacterial action, and cured meat foods showing over 200 ppm 
of nitrite upon ultimate analysis have undoubtedly often left the sausage kitchen 
with the lanful limit of nitrite present. It is not clear how the nitrate-reducing 
bacteria can grow in the presence of such large amounts of nitrite found in ex- 
perimentally incubated, mixed-cure sausage. 

It is possible that the characteristic flavor of bacon and ham (as opposed to 
salt pork) is due to a product of a reaction of nitrite ivith constituents of the tis- 
sue, either during curing or during cooking, according to Brooks, Haines, Moran 
and Pace (10). 

(c) Aclion of Nitrates on Gas Formation hy Species of Bacillus. The typical 
gaseous swell of canned cured meats is practically always due to the fermentation 
of sugar b 5 '' species of the genus Bacillus. Large quantities of carbon dioxide are 
formed when either the small or large varieties (except Honker’s group) grow in a 
medium containing fermentable carbohydrates, nitrates, and cured pork meat, 
or in "sugar-cured meats” at temperatures ranging from 23.9 to 48.9C (75 to 
120F). This gaseous fermentation also produces spongy beef hams and causes 
bursts in large bologna. None of the hundreds of strains examined can form gas 
in the ordinary sugar broths or sugar-agar media. 

Nitrate, sugar, and cured meat must be present together before the bacilli 
ferment with gas production. If the medium contains c.p. nitrite without 
nitrate, no carbon dioxide forms. If sugar is omitted, no carbon dioxide, or very 
little, is formed. If cured meat is omitted and nitrate, sucrose, and any ordinary 
soluble proteins or peptones are added, no carbon dio.xide forms. With some 
strains of the bacilli, gas is formed if nitric-oxide hemoglobin or nitric-oxide hemo- 
chromogen is present in the sucrose-nitrate medium. Some strains of the genus 
Bacillus do not form acid in the standard sugar-veal infusion broths (47) but do 
form acid and carbon dio.xide when grown in nitrate sugar-cured porkmeium. 
This was observed with the disaccharides and one of the pentoses, xjdose. n e 
case of sucrose-nitrate-cured spiced ham carbon dioxide is formed as follows: 
The first reaction obsenmd is the splitting of some of the disaccharides to mono- 
saccharides. Later, lactic acid is found in appreciable quantdi j 

carbon dio.xide. ^ tbe closed container, as used or canned meats, 

no escape for acetaldehyde, much 2 ,3-butyIene glycol is formed. The ap 
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pears to be disaccbaride to hexoses to triose compounds and then to p 3 TU%'ic acid. 
A part of the pyrmnc acid is reduced to lactic acid and a part is split into acetalde- 
hyde and carbon dioxide. The acetaldeh 5 ’^de may either be reduced to alcohol, 
oxidized to acetic acid, or condensed to form acetyl meth 3 d carbinol which can be 
reduced to 2,3-butylene gtycol. 

We have never obseiv^ed the formation of carbon dioxide in media other than 
nitrate-sugar-cured pork meat or nitric-oxide myohemoglobin or hemochromogen 
except in a few instances where thiamin was added to the nitrate-sugar medium. 
Presumabty, phosphorylated mtamin Bi acts as a coenzj-me which decarboxylates 
pjTuvic acid; and there is a comparativety large amoimt of thiamin in pork. 
Thiamin is not a complete factor in this mechanism since gas was not obser\’ed 
to be formed bj’’ manj'' strains of bacilli capable of gaseous fermentation in the 
nitrate-sucrose-cured pork medium (47). 

The spores of this group are kiUed by the present-day processing schedule for 
canned spiced ham or luncheon meats. In the presence of 3 to 3.5% NaCl, 2.33 
oz (0.15%) iSlalSIOa, and 0.125 oz (0.008%) ISfaiSiOa per 100 pounds of meat, the 
6-pound cans maj’’ be inoculated with spores of clostridia, bacilli, or thermophiles 
and retorted at 112.8C (235F) for 3.5 hours so that an inside temperature of 
107.2C (225F) is reached with a finished product that will keep at temperatures 
below 55.50 (132F). 

ZoBell (116) has demonstrated the ability of some microorganisms to destroy 
nitrites as the}’’ are produced from nitrates, and recommends that tests for ni- 
trates be made in conjunction ’U’ith tests for nitrites when the latter substance is 
not found. In this connection, we have observed that hj^droxylamine may be 
found in the old-style, long-mixed cure for hams towards the end of the curing 
period (60 to 80 da 3 's). The present-day ham is cured in less than 20 da 3 ’^s. 
Lindse}’’ and Rhines (68) have demonstrated the production of h 3 ’'dro.X 3 damme 
from the reduction of nitrates and nitrites by various bacteria. H 3 ’’drox 3 *lamine 
h 3 ’’drochloride, when added to nutrient agar, inhibits the growth of food-poisoning 
varieties of staph 3 dococci in dilutions of 1:20,000, and man}’’ of the common 
molds in dilutions of 1 : 15,000. liitasato (53) has reported that h 3 'drox 3 'lamme 
when added to culture media inhibited the grovdh of Clostridium tetani, Clostri- 
dium chauvei, and Clostridium sepiicum. 

5. ACTION OF S-ACT (NaCi.) ON B.-ICTERIA 

(a) Action of Salt on Bacteria in Meats. For the past half century the demand 
for heaidl}’’ salted foods has lessened in many parts of the world. Salt-preserved 
fish and meat were for a long time staple articles of food in world trade, and the 
preservation of foods b}’’ salting has prov'ed its eflacac}' since time immemorial 
(55). The New England- West Indies trade in salted meat was of importance in 
colonial times (99). 

Lessening the amoimts of salt used in food presei-vation has resulted in changes 
in microbiological flora and brought forth many phenomena of interest to the 
bacteriologist. Tanner and Evans (95) have discussed the literature on the effect 
of salt on pathogenic bacteria and stated that most investigators indicate that 
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salt m the concentrations used in food preservation is not a bactericide but acts 
a preservative by inhibiting many species of bacteria. Tanner and Evans con- 

t vn JjT ^^Periments that salt is the most active preserva- 
tive used m meat-curing solutions. i^*t;serva 

Petterson (78) has shmyn that the preserving action of salt in meat and fish is 
not sharply defined. Salt exhibited a selective action and did not inhibit all 
bacteria, ^aerobes were inhibited by 5% NaCl whereas aerobic rods, faculta- 
tive anaerobic rods, and micrococci were not greatly inhibited. The rod forms 
were more easily suppressed by salt than the cocci. Ten per cent NaCl appeared 
to inhibit most bacteria, although a few grew in media containing up to 15% 
NaCl. Various yeasts appeared to persist and grow in media containina over 
15% NaCl. 

At this point attention is called to the diverse results which can be observed 
when, for instance, 5% salt is used in pickh’ng meats or is added to liquid culture 
media. Tanner and Evans (95) have demonstrated that the inhibitory effect of 
salt on Clostridium bolulinum is different when the same concentrations of NaCl 
are used in the different culture media. Glucose agar containing 6.5% or more of 
NaCl did not support growth. Nutrient broth containing 6.7% NaCl allowed 
one culture to show visible signs of grond;h and five strains of Clostridium bolulinum 
to grow and produce toxin. It was necessary to add 7.8% NaCl to prevent the 
growth of all strams in nutrient broth. VTien 7.3% NaCl was used in glucose 
broth and 7.8% in pork-infusion broth, groivth and toxin formation took place. 
Growth took place in 10.5% NaCl in glucose broth and 12% was needed to inhibit 
growth in this medium. With cooked pork toxin formation was prevented by 5% 
NaCl. 

■When over 3.5% NaCl is used in curing whole pieces and comminuted meats, 
most anaerobes are suppressed although there are a few strains of nonpathogenic, 
sporogenous anaerobes that can germinate and multiply when given heat treat- 
ment several times greater than that necessary to destroy spores of Closlridium 
bolulinum. Fortunately these strains are encountered very infrequently and at 
this time are a curiosity in culture collections. 

Bacillus foedans of IQein, which we have equated with Bacillus putidus of 
Weinberg (48), is inhibited in hams containmg 3% NaCl and undergoing the 
smokehouse processing. This organism is very proteolytic and grows in non- 
pickled areas, sometimes formed through by-passing the bifurcation of the iTac 
artery during pumping. This condition may be differentiated from sarcospondial 
activity, which likewise causes a butyrous area, but is associated with a normal 
salt content and normal organoleptic characteristics. 

Many species of aerobes and facultative anaerobes (as well as strict anaeropesj 
can crow in high salt concentrations in brines which contain large pieces of vanous 
3 .3 but the growU. tute place at the -«aees »f ^“1 
and not readily in the clear brine. When meat infusions or whole blood are add^ 
to 15 to 20% clear NaCl brines, the growth of salt-tolerant microorgamsms is ve j 
i;, SW pieces of meat am «lded to to vate end J 

ings are Irept constant, grotrth proceeds more rapidly, usually 
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the meat. The mechanisms of growth at the interfaces appear not to be well 
understood at the present time. 

In the curing of comminuted meats, the ratio of salt to total moisture obviously 
accounts for the low quantities of salt which suffice to inhibit manj’’ micro- 
organisms'. For instance, in composite beef muscle the water content is about 
71% and protein 18.7% with a water-to-protein ratio of 3.8, while in lean pork 
the water content is 64.5% and protein 18.9% with a water-to-protein ratio of 3.4 
(74). A higher ratio of salt to water accounts for the preser\’’ative effect of salt 
in meats as compared to liquid culture media; but the problem of free and boimd 
water in tissues confronts one here as in so many other fields of food technologj’’. 
Long experience has taught the curing departments of the industry- the precise 
amounts of salt necessary (in addition to the lawful amounts of nitrates and 
nitrites) to be effective in each of the many kinds of meat foods. 

(b) Effect of Impurities in Salt. A phase of the salt curing of meat which has 
received attention from time to time is the effect of impurities in the salt. Many 
commercial meat processois are of the opinion that impurities in common salt 
(calcium, magnesium) affect the meat adverselj’’, whereas some believe that more 
desirable cures, from the standpoint of rapid penetration, are affected. jMoulton 
and Lewis (75) made up sodium chloride curing solutions containing 5% CaClj, 
or 1% CaClj + 1% MgS 04 , or 1.5% CaCb + 0.5% jMgSO^ for curing hams, 
butts, and beef knuckles. They found no consistent effects of these impurities in 
sodium chloride brines upon the rate of penetration of the NaCl into the meat. 
They concluded that commercial salts would show no measurable differences in 
penetration rates owing to the usual impurities. 

There is an e.xtensive literature on the physiologically antagonistic effects of 
ions (20) . There is e\’idence that the toxic action of an ion can be nullified by 
another different ion. In the case of bacteria there is a quantitative antagonism 
but the qualitative effects of all cations may be alike. The toxic effect of a mono- 
valent salt like NaCl can be neutralized by the addition of a divalent salt in 
suitable proportion. Winslow and Falk (112) have foimd that 0.145 M CaCb -f 
0.290 M NaCl was toxic to Escherichia coli, but a solution of 0.145 ]M CaCl; -f- 
0.680 M NaCl was nontoxic. 

Tressler and Murraj’- (102) have noted that the presence of calcium and mag- 
nesium compounds as impurities in salt accelerated the development of the salt- 
fishy odor and taste of salted fish. It has been obser\’ed that if pure salt was 
used for the salting of fish, the product when thoroughly freshened was nearlj^ in- 
distinguishable from fresh fish. Tressler (101) had observed that impurities in 
the salt exerted a depressing action on the permeability of the cell walls and thus 
slowed down the penetration of salt into the muscle tissues. The various effects 
of salt impurities have been studied by E. Hess (28) who states: “Spoilage, as 
measured bj’- rise in trimeth 3 damme and bacterial content, of cod press-juice con- 
taining 21 grams salt per 100 ml. (about 80% saturated) is dela 5 *ed longest with 
pure NaCl, and increasing!}' less ^Yith mined evaporated, mixed crude, Mediter- 
ranean and Turk’s Island solar salts. This order corresponds to decreasing per- 
centages of NaCl and increasing percentages of impurities in these salts. The 
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differences m the salt action increase with lower temperatures.” Hess used fish 
miiscle press-juice instead of the muscle itself which eliminates the peSratn 

?afa of r ™ I^published 

ata of Gibbons who observed that a medium not containing calcium or mag- 

nesuim ions (prepared from dialysed drip of fish muscle, washed agar, and pure 
IS aCl) did not support the groivth of red halophilic bacteria, or only veiy poorly 
whereas the addition of traces of calcium or magnesium or replacement of the 
sodium chloride by solar salt resulted in good growth. The same effects can be 
obsenmd on cells of red halophilic bacteria in the presence of CaCh, MgClj, and 
MgSO^ in high concentrations of I'faCl. Beef cured in 100° salometer brine with 
solar sea-salts and stored at 32.2 to 37.8C (90 to lOOF) will spoil with character- 
istic trimethylamine odors after 5 months, showing a typical flora of Serraiia, 
Achromobacler , and Micrococcus. The work of Tarr (97) is interesting in this 
connection, in that he has discovered an enzyme, “triamineo.xidease,” existing in 
cells of five different genera of bacteria wiiich can form trimethylamine. 

The dry-curing process employed to cure countiy hams and southern-style 
hams is interesting from the standpoint of salt permeability. In obsening this 
practice in many places in America, it was noted that the farmer or commercial 
processor first rubs sodium nitrate over the ham, usually rubbing from the shank 
towards the butt. The shank (tibia and fibula) is “sawed long” to effect marrow 
sealing. The nitrate appears to increase permeability or “cause s^velling and a 
moist condition.” Then after a time salt or salt and sugar are rubbed into the 
ham in the same manner as the nitrate. The process is repeated a number of 
times for about seven weeks, and then the hams are smoked for vm^mg lengths 
of time. The effect of nitrate on the permeabilit 3 '- has not been given much sci- 
entific study (110), but the art of curing in this manner is very old. Surprismgly 
few pieces cured in this w'ay show frank spoilage (as distinguished from incipient 
“souring”). 

It is Icnowm that very dilute nitric acid softens the connective tissue binding the 
muscle fibers. This action maj’’ aid in “tendering” certain cured meats. Studies 
are needed on the action of nitrates, nitrites, salt, sugar, and enaymes on muscle 
fibers, sarcolemma, sarcoplasm, myofibrils, discs, and other structures of muscle. 

Rockwell and Ebertz (86) conclude that the preserving effect of A^aCl involves 
more than its dehydrating capacity. For instance, if common salt inhibits 
bacterial growth by means of dehydration, then other equally efficient dch 3 'drafr 
ing salts should serve as inhibitors. Magnesium sulphate has greater de b ^a 
ing effect on proteins than NaCl but is not as efficient in preventing the growth of 
Staphylococcus aureus. They conclude from their experiments that the preserv- 
ing action of NaCl on proteins involves more than dehydration, there being tour 
other factors operative. These factors are: the direct effect of the chloride ion, 
removal of oxygen from the medium, sensitization of the test organism o 
and interference with the rapid action of proteolytic enemies. , . 

(c) Bacteria in Salt. Prom time to time, salt con.tammaho^ leadmg to 
Bpoilao-e have been suspected in meat processing, but no ^ concem- 

exists either among food bacteriologists or operatmg men mt em u 
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ing the hazards of contamination in salt. There are even those food bacteri- 
ologists who doubt the existence of obligate halophiles as spoilage organisms, and 
who view these bacteria as salt-tolerant forms. The distinction is not clearly- 
made in some of the hteratm-e on salt. The obsen^ations of Clajdon and Gibbs 
(13), Robertson (85), and ZoBell, Anderson, and Smith (117) indicate that 
halophilic bacteria are distinct species indigenous to environments containing 
high concentrations of sodium chloride. ZoBell et al. (117) found an average of 
167 obligate halophiles in Great Salt Lake water ha^^ng a salinity of 27.6%. 
These halophiles required at least 13% salt for growth. These bacteria are be- 
lieved to have become acclimatized to increasing salt concentrations during the 
time that the water of old Lake Bonneville evaporated to leave its saline remnant. 
Great Salt Lake. 

The studies of Stuart, Frey, and James (92) and Stuart and Swenson (93) 
indicate that halophihc bacteria are adapted forms of ordinarj’’ bacteria known to 
be indigenous to other environments, such as soil, etc. Lochhead’s work (69) on 
halophilic bacteria should be consulted in this connection. 

The data obtained during the past decade (37) from microbiological analj'ses of 
mined salt and vacuum-pan salt of various grades indicate strongly the improba- 
bility of contaminations in salt sufficientlj’- important to lead to meat spoilage. 
Certain of the solar sea-salts may, however, need careful scrutiny. Yesair (113), 
who examined many grades of salt, advised microbiological exa min ations of the 
salt as a control measure in the food industry. 

The question of the nature and origin of halophiles has been remewed elsewhere 
(37). 

(d) Some Effects of Salt on Bacteria. Large initial numbers of contaminating 
bacteria tend to grow in meats that are highly salted. The observation has been 
made many times that large numbers of non-halophilic or non-salt-tolerant 
bacteria tend to neutrahze the inhibitor^’- effect of salt. It appears that the larger 
the inoculation the greater the salt tolerance of the bacteria. The work of Sher- 
man and Albus (89) shows that when active reproduction takes place there is 
marked destruction of the cells in the presence of 5% NaCl. This obsenmtion is 
borne out in practical application where it is noted that fresh meats showing light 
bacterial contamination keep better when salted quickly than when held for a 
time before salting. The old cells are not as sensitive to salt as the actively grow- 
ing cells. 

The effect of sodium chloride on thermal death times of bacteria has been 
studied by Esty and Meyer (19) who found that NaCl in low concentrations 
(0.5 to 1%) markedly increased the thermal resistance of spores of Clostridium 
hotulinum. At 2% concentration of salt, this effect was lost. Up to 8%, little 
or no effect of the salt was observ’^ed. Above this concentration, up to 20% NaCl 
solution, the effect was to decrease the thermal death times. Viljoen (106) 
studied the adjuvant effect of NaCl upon thermal death times of spores in pea 
liquor. He found a protective influence of salt in the range of 1 to 2.5% NaCl, 
and 3% salt shows about the same protection as 0.5%. Four per cent NaCl in- 
creases verj-^ slightly the destructive effect of heat. 
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micrococci, salt appears to exert a protective action aeamst the 
effects of heat. Alkaline solutions of salt reduce the thermal S S o 
spores m a very striking manner. “ 

The terms ‘‘obligate halophile,” “salt tolerant,” “salt resistant,” and “faculta- 
tive halophile may all be employed to indicate the characteristics of a strain 
but there is still difference of opmion as to the distinction between such terms! 
If lUuj-ver and Bahrs’ (54) doctrine of “physiological artifacts” is true, i.e., that 
halophihsm is developed by conditions of artificial culture in saline media from a 
prepotency latent in the cell of the saltless environment, much remains to be done 
before the terminolop’ becomes clear. They demonstrated the interconverti- 
bility of nonhalophilic Microspirum desulphvricans (Beijerinck) and halophilic 
ihcTOspirum aesiuarii (t'an Delden) by gradual alteration of the salt content of 
the medium. They suggested that these forms are all derived from a common 
parent strain, and hence the specific identity of the halophiles and non-halophiles. 
F. B. Smith has written an excellent review of this subject (90). 

There are many strains of obligate halophilic molds, usually efivergent forms of 
brown molds, that exhibit all degrees of salt tolerance. Some are psychrophiles, 
but most strains are mesophiles. Some resemble species of Torula, others 
resemble species of Hemispora, Oospora, or Sporendonema. Aspergillus candidus 
will grow’ on salted smoked meats and produce small reddish patches. 

6. SOJIE RECENT DEVELOPMENTS IN MEAT TECHNOLOGT 

The war has brought about some interesting developments in meat technology 
ns well as in food technology generally. The outstanding developments in the 
production of foods on a scale hitherto undreamed of have been along the lines of 
dehydration of pork, beef, eggs, milk, soups, and some poultry meats. Boneless, 
well-trimmed beef (produced under bacteriological control) and other meats are 
frozen ; and through the efficient handling of the Quartermaster Corps and Veteri- 
nary Corps, these meats are made available for consumption in battle zones. 
The microbiology of freezing meats and of all kinds of stored fresh and cured 
meats and frozen eggs has taken on new’ life. Bacteriological studies hav’e shown 
that there are critical storage temperatures at which the “indigenous” flora die 
off rapidly. For instance, w’e (42) have showm that frozen egg magma inoculated 
wdth several strains of Escherichia coli, several species of Pseudomonas, Achromo- 
baclcr, Flavobaclerium, and Micrococcm, when frozen, divided into two lots, and 
then held at -22 F (-30 C) and 22 F, (-5.6 C) shows sharp differences m re- 
duction of all bacteria in four -weeks. Strangely enough, the bacteria are re uce 
to very low numbers of viable cells at 22 F;and there is very little or no dimmution 
of viable cells to be found at - 22 F. There are also critical holding temperatures 
for beef, pork, lamb, veal, and dressed poultry. Atmospheric oxidations comp - 
cate some of the benefits derived from the “higher” 

(a) DchydralionofMeat. Processes for dehydration of meat of all ^ have 

come to the fore during the war years, and the reader is ^‘"^J^tdration of foods, 
work of von Loesecke (108) for details of the drying and dehyfetm 
Four kinds of meat have been prepared: fresh meat cooked a 
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meat cooked and raw. Most ol the dehydrated beef and pork of commerce is pre- 
cooked fresh meat dried to 10% moisture and then packed and sealed in tin cans. 
Extensive studies carried out by the U. S. Department of Agriculture and the 
meat packers have showm that from a bacteriological standpoint dehydrated 
meat, made in accordance ndth Federal specifications, is safe and vill remain so 
when stored without refrigeration in hermetically sealed containers (57). In 
such dehydrated meat, we notice a rapid decline in the numbers of bacteria. The 
pH is 5.S to 6.2. Sahiionella sp. staphjdococci, Clostridium botulinum, and other 
pathogens will not grow in this product until the meat is rehydrated to contain 
over 30% moisture. 

Commercial desiccation of foods is no new thing. During the Civil War troops 
were supplied with desiccated vegetables, soup mixtures, apples, peaches, etc. 
General Sherman vTote in Ids memoirs: “During the Atlanta campaign we were 
supplied by our Commissaries with all sorts of patent compounds, such as desic- 
cated vegetables, and concentrated milk, meat biscuits and sausages, but some- 
how the men preferred the simpler and more famihar forms of food, and usually 
styled these ‘desecrated’ vegetables and ‘consecrated milk’.” Dehj’-drated ra- 
tions were used in the Boer War ; and the A. E. F. veterans of 1917, who accormted 
for the consumption of 10 million pounds of desiccated foods, exhibited about the 
same attitude as their grandfathers towards these dried foods. Following World 
War I the dehydration of foods was not extensive, but with the coming of World 
War II this business has taken on new life. Improved methods may save the 
industry from complete collapse after the Avar ends. 

An interesting application of rapid dehydration of meat has been employed by 
Hitchell, Piret, and Halvorson (84) to form products like dry or summer sausage. 
They investigated air-drying of uncooked cured meats. In contrast to the usual 
sausage drying operations, shorter times of di^fing were necessarj’- to obtain a 
product containing 25 to 30% moisture. 

Work done by Dr. E. E. Rice and Dr. H. E. Robinson of the Research Labora- 
tories of Swift & Company shows that: 

Protein quality is not significantly reduced during dehydration or canning unless diets 
very low in proteins are considered. 

Vitamin retention of pork and beef undergoing dehydration or canning is similar to that 
for household cooking of similar meats, being thiamin, 60 to 70%; ribofiaAdn, 90 to 100%; 
niacin, 90 to 100%; and pantothenic acid, 70 to 80%. 

Cured pork undergoing commercial canning (12'OZ. can) retains 67 per cent of its thiamin, 
90 per cent of its riboflavin, 94 per cent of its niacin, and 76 per cent of its pantothenic acid. 
Thianun retention in 6-lb. cans is lower, being 40 to 50%. 

During storage of either canned pork, dehydrated pork or dehydrated beef at tempera- 
tures up to 99 F (37 .2 C) there is little or no loss of niacin, riboflavin, or pantothenic acid 
over a period of 219 daj’s. Above 120 F (48.9 C) there are slow losses of riboflavin and panto- 
thenic acid. Thiamin decreases more rapidly, showing some loss at SO F (26.7 C). After 293 

aj s storage the thiamin retention in canned pork is 52 per cent. In dehydrated pork the 
retention is poorer, being2Sper cent after219 days atSO F (26.7 C). At higher temperatures 
t ere is almost complete destruction of thiamin in both products. 

Alolds can develop on dehydrated meats when these foods are exposed to the 
atmosphere and stored at relative humidities below 75% in the temperature range 
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of 10 to 37.2 C (50 to 99 F). Molding is, however, not a hazard in the tins and 
other confamers used m distribution of this product. “ 

(5) Badcnal Standards. The bacteriological control of foods by the criteria of 
agar-plato counts has long been a “standard method” for the inspector and pro- 
ducer. Most bactenologists have been confronted Mth the dilemma of evaluat- 
ing a food product from the “coimt” or the more laborious examination. 

The subject of bacterial counts, i.e., bacteria growing into colonies in agar 
plate when incubated in the range 20 to 37 C (68 to 98.6 F) for varying lengths 
of time, as criteria for judgment of many foodstuffs is controversial at the present 
time. One school of thought would throw over the existing agar-plate count 
standards for most foods and replace this method by qualitative bacteriological 
e.xaminations together with organoleptic criteria and chemical e.xaminations. 
This group claims that when, let us say, a food like dried eggs contains 500,000 
“viable aerobes” per gram and the “standard limits” are 250,000 per gram, the 
egg powder should not be rejected as inedible. There is undoubtedly much to be 
said for this position. However, the regulatory laboratories must have some 
criteria and limits of numbers if their investigators are to rely on “standards of 
numbers of bacteria permissible.” The total number of bacteria growing on agar 
plates do, in many instances, sen-e to guide the processing of foods so that in- 
cipient spoilage does not result. 

In meat foods, for the most part, it is more important to know both the kinds 
and numbers of the flora present than to know merely the numbers of micro- 
organisms. Because most bacteria which grow in meat under refrigeration are 
psychrophiles or facultative psychrophiles, such as many species of Achromohacter, 
Pseudomonas, or Serralia, it may be considered that a “high coxmt” does not 
necessarily indicate that the food is unsound if the organoleptic characteristiesare 
satisfactory. Again, if counts are made on certain sausages, such as Thuringer, 
the number of lactobacilli found is very great indeed (40). 

In the preparation of frankfurters, bologna, meat loaves, and other com- 
minuted meat foods, the bacteriologist must be guided by qualitative bacteri- 
ological data. The total agar-plate count cannot presage the possibility of 
oxidizing effects leading to discolorations. 

Meat, when produced under Federal inspection, is not likely to harbor patho- 
gens, according to the data of the Bureau of Animal Industry^ the Meat Inspec- 
tion Division, or the Research Laboratories of the Meat Industry. There are no 
“normal” plate counts for meats in the literature available to us. A satisfactory 
count on meats may depend upon whether or not the meat is destined for use m 
sausage or, in the case of beef, whether or not it is to be aged in coolers or some 
time to induce tenderness, flavor, and juiciness. As there are sevei^ hundred 
kinds of meat foods produced continuously, no simple 
resoect to a “single standard” for these foods. It would be belpM if ne couia 
state with comdetion founded upon experience that liver sausage should notex- 
efed Sr^ousand aerobes per gram or that pork lijs or ^ 

exceed several hundred thousand aerobes per gram, time 

sausage might show three times these figures, dependmg upon the length 
the food has been stored in the shop or commissaiy refngeratom. 
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It would appear that the ideal laboratory examinations of a finished food 
product should disclose the presence or absence of pathogens or toxins, and that 
both plate counts and determination of flora may be used in control of the 
processing. Methods for direct microscopical counts of foodstufi's are not want- 
ing in number. Some inherent difficulties in direct-count methods are: (a) 
numbers less than 1 X 10^ organisms per gi-am in food substances, such as muscle, 
cannot be accurately counted; (b) dead cells are counted (this is not a serious 
error); (c) errors in sampling, preparation, grinding, smearing, etc., are not 
eliminated; (d) “primitive” forms are not detected (41), nor are tj^ies determined 
except in a very general manner. Other shortcomings are perhaps apparent to 
the analyst, but in theory the method of direct count ob^dously has much to com- 
mend it. However, the problem is not considered impossible of solution, and the 
dii-ect count could supplant the agar-plate count in manj>- places. 

(c) Hams. New applications of old methods of establishing bacteriological 
criteria for the curing and smoking of hams (not tenderized, not ready-to-eat) 
have been effected and incorporated into oflicial specifications. These applica- 
tions are based on the bacteriological observations showing that cm-ed hams 
should be smoked at temperatures below 125 to 130 F (51.7 to 54.4 C) for several 
days for the smoke to penetrate well, that some dehydration should occur, and 
above all, that the tissues do not become denatured through heat coagulation. 
It is well known to the bacteriologist that coagulated proteins, such as cooked 
meats or boiled eggs, are more vulnerable to enzjmie action, and bacteria find a 
more suitable substrate for growth on them than on raw substances. Hams and 
shoulders, when tenderized (partial cooking), or cooked in the smokehouse so that 
they are read}' to eat, are to be considered in the same category’' as comminuted, 
cured domestic sausage products which must always be kept under adequate re- 
frigeration. It has been shown (43) that cooked hams, cooked poultry" and 
stuffings, sandwiches prepared with ham, eggs, fish, and fowl, and soup stocks 
should never be held in the “incubation zone” of staphylococci longer than four 
hours if gastrointestinal irritation due to staphylococci is to be prevented. The 
incubation zone is considered to be from 60 to 115 F (15.6 to 46.1 C), and as a 
safety margin for institutional and militarj'- mess halls the range from 50 to 120 F 
(10 to 52.9 C) is advocated. 

(d) Control of Spores in Canned Meats. The heating schedules for canned 
meats developed through the stimulus of war have been based largely upon ex- 
isting data derived from studies of spores. The direction of the work in the 
practical canning of spiced ham, luncheon meats, and sausage products is to 
retort the canned food according to a “botulinmn schedule.” Mam* meat foods 
subjected to tliis temperature would not be verj’ palatable; hence, the need arose 
to produce a canned meat that would neither spoil nor present a health hazard. 
Also high-temperature processing for long periods lessens the mtamin content of 
meat foods. The thiamin and pantothenic acid content, especially, may be re- 
duced, although niacin and riboflaAnn are not significant^* reduced. "WTien 
3.5%NaCl, 2.33 oz. (0.15%) NaNOs, and 0.125 oz (0.008%) NaXOo in each 100 
pounds of comminuted meat are used, and the cured meat is packed in 6-pound 
cans and retorted for 3.3 hours so that the inside temperature reaches 225 F 
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(107.2 C), the proc^sed cans of meat, even’ though seeded vith spores of Clcstri- 

(55.6 C) for a time depending upon the rate of production of hydrogen from the 
chemical action of the contents upon the metallic can (hydrogen swells). 

As much as 22% soya flour or “meat extender” can be added to comminuted 
meats and canned according to this schedule of curing and heating with the re- 
sultmg product stable under expected temperatures (132F [55.6 C] and lower). 
Teste were conducted by Jensen and Hess (49, 50) who inoculated soya flour to 
contain over one million spores of gas-forming, anaerobic thermophiles per gram. 
Thirty 6-pound cans of comminuted luncheon meat (pork and beef) containing 
22% of this soya flour were incubated for 9 months at 132 and 99 P (55.6 and 
37 .2 C) and found to be stable. The control cans ndthout salt and nitrate swelled 
and burst in a few days at these incubation temperatures. 

The “bombage” of canned meat foods stored without refrigeration in the 
tropics has been caused by viable spores of Bacillus sp. These spores are not in- 
hibited from germination by 3.5% NaCI with sodium nitrate. These spores 
must be killed to produce a stable canned pork or luncheon meat. Spores of 
thermophiles may remain dormant in canned meat for long periods of time. 
Recently, Wilson and Shipp (111) examined bacteriologically a can of roasted 
veal, packed for the explorer Parry in 1824, and recovered sbe strains of sporing 
bacilli. The strains grew best at 37 C, all strains grew well at 55 C, and some grew 
at 60 C. The survival of spores in this can of veal in viable condition for over a 
century appears to have no parallel in bacteriological records. 
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This review, one of a series on the bacteriology’’ of the human mouth (113, 
114), deals ■v\ith a group of gram-positive, filamentous microorganisms, both 
branched and unbranched, which are cultivable under partial anaerobiosis or 
in the presence of carbon dioxide. The group comprises the branched genus 
Actinomyces and the unbranched genus Leptotrichia, which are dealt with in 
detail; while certain other microorganisms, to which the generic names Ac- 
tinomyces and Leptotrichia (or “Leptothrix”) have been apphed, are discussed 
in an effort to clarify their hitherto confused relationships. The etiology and 
pathogenesis of actinomycosis in man, and the nature and manner of formation 
of sahvary calculus or tartar, are considered -with special reference to these 
microorganisms. 


THE PARASITIC ACTINOMYCETES^ 

The actinomycetes are gram-positive microorganisms characterized by the 
formation of a mycelium or network of branched and rebranched filaments. 
MyceUimi formation is a property of the true fungi, and the actinomycetes 
are often classed with the fungi rather than -with the bacteria proper. The 

* For the purposes of this discussion, the terms “parasitic actinomycete” and “actinomy- 
ces” are employed interchangeabb' as common names for organisms of the genus Actino- 
myces. The common name “actinomj'cete” is employed here in its customary inclusive 
sense. The terms “parasitic” and “saprophytic” are emplo3'ed in the following sense: 
“parasitic” = living on or in another organism and deriving nourishment therefrom; 
“saprophj'tic” = living on dead organic matter. It may be noted that neither of these 
terms implies pathogemcitj*. Many parasitic microorganisms produce disease, but some, 
e.g., the vliite staphj’lococci of the skin or the pigmented Neisseria spp. of the throat, are 
not known to do so. Converselj', most saprophj'tes lack disease-producing capacitj', but 
the Clostridia of gas gangrene are a notable exception. 
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of variation within itself, and the members 
ot It with which this review is concerned are clearly much more bacteria-like 

an fungus-hke. On the whole, the actinomycetes may best be considered 
S \\Sfn bacteria proper and the true fungi, or, in the words 

of Haksman (143), ^ an independent group of organisms which is closely 
related to the bacteria through some of the constituent forms, but which hii 
aaopicd a fungus-like form of growth/’ 

This revieiy deals ivith only one subdivision of the actinomycetes, those of 
strictly parasitic habit, which are included here under a single specific name, 
Actinomyces israeli. The natural habitat of these organisms appears to be the 
mouth and throat. They are not found in nature apart from the tissues of 
man and animals, or otherwise under saprophytic conditions, and their proper- 
ties are such as to indicate their incapacity to multiply or even to survive under 
such conditions. They appear, in other words, to be obligate parasites. They 
seem ordinarily to be harmless, but under exceptional circumstances they give 
rise to actinomycosis, a disease of which they are the principal cause both in 
man and in animals. These parasitic actinomycetes should be distinguished 
sharply from the broad and varied category of saprophytic actinomycetes, with 
W'hich this paper is concerned only for incidental and comparative purposes 
(see table 1). Tlie saprophytic organisms inhabit the soil, and are widely 
distributed on grains and grasses. This group includes both pathogenic and 
non-pathogenic members. It may be emphasized that the relationship between 
the saprophytic and the parasitic actinomycetes depends on two points of 
resemblance only. Both are composed of a gram-positive, branched mycelium, 
and both may be pathogenic for man and animals and produce lesions in which 
radially clubbed “sulfur granules” are found. The saprophytic forms, on the 
other hand, are recovered only rarely from true actinomycosis (“lumpy jaw") 
in cattle, and their association wdth true actinomycosis in man seems to be 
even more unusual. They are found, however, in certain tropical skin diseases 
(“mycetomas”) of both man and animals. 

The generic name Actinomyces ("ray fungus”) was originally given by Harz 
(56) to organisms observed in material from lumpy jaw' in cattle. It was Harz 
likewise w'ho applied the name actinomycosis to this disease. These terms 
have come to be used nearly universally for the disease and for its most common 
causative agent, the parasitic actinomycete. Unfortunately the "f" 
tinomyces has also been used for quite distinct members of the saprop ytic 
group. This confusing double usage will be resolved if the recent recommen a 
tion of Waksman and Henrici (145) achieves general acceptance. After s^wrai 


attempts had been made to distinguish the saprophytic and 
by reseiwdng the generic name Aclinomyces for the former an usmg 

Waksman and Henrici (145) have now applied the genenc 

exclusively to the parasitic organisms -th which tins 

genus of aerobic non-sporebeamg fonns j jT chains on aerial 

now Nocardia, and the genus of aerobic forms 

bypbae, previously designated Actinomyces, is now Streplomj • 
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The full name Actinomyces israeli, applied to the parasitic forms, accords 
vreU mth international usage. The specific name is credited to I&use by the 
Argentine nrorkers, Negroni and Bonfiglioli (102), who have adopted it, as 

TABLE 1 


Comparison of the Parasitic and Saprophytic Actinomycetes 



PA^SITIC ACTINOM\CETES 

S iPEOPHYTIC ACTISOiri CETES* 

Natural 

habitat 

I^Iouth and throat of man and 
probably of cattle and other 
animals; obligate parasites; 
sometimes pathogenic. 

Soil, grains and grasses; widely dis- 
tributed in nature; some pathogenic 
species, but most forms are non- 
pathogenic. 

Cellular 

morphology 

Branched mycelium, gram-posi- 
tive, not acid-fast. Marked 
tendency to fragment into 
bacillary forms. 

Branched mycelium, gram -positive; 
some are aeid-fast. Generally little 
tendency to fragment into bacillary 
forms. 

Character of 
growth 

Bacteria-like colonies without 
aerial hyphae; no spores; no 
pigments. 

Colonies more mold-like, often with 
aerial hyphae and spores (conidia); 
many produce j-eUow, orange or 
black pigments. 

Temperature 

require- 

ments 

Optimum, 37 C; no growth at 
22 C. 

Optimum usually 15-20 C. 

Relation to 
oxygen 

Oxygen tolerance limited; gen- 
erally fail to grow or grow 
poorly under aerobic condi- j 
tions. 

Aerobic; some forms do not grow 
anaerobically. 

Metabolism 

Probably never proteolytic. 
Ferment carbohydrates with 
production of acid. 

Many forms activelj' proteolytic; may 
utilize carbohydrates without acid 
production. 

Species recog- 
nized 

One only: Actinomyces israeli. 
(Pro^^sional ; heterogeneous 
but not yet satisfactorily sub- 
divided.) 

Many, subdivided into several families. 

Patho- 

genicity 

Causative agent of true actino- i 
mycosis in man and animals. 

1 

1 

Occasional causes of an actinomycosis- 
like disease, very rare in man, and of 
tropical cutaneous mycetomas, e.g., 
Madura disease. 


* Further details of the saprophytic actinomycetes are given bj' Henrici (5S), St. John- 
Brooks (120), Erikson (42), and Waksman (143). 


has Grootten (50) in France, Puntoni (110) in Italy, and Waksman (143) in 
this country. It seems best to discard the names Actinomyces bovis and A. 
hominis, since both have been used so looseb’’ as to require the modiftang phrase, 
“Wolff-Israel tjqie” to make them applj’' without ambiguitj" to the parasitic 
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^s™eK is appropriate in view of the fact that 

el (152) first, cultivated it from actinomycosis and laid the foundation for 
our present knowledge of the etiology and pathogenesis of that disease. 


Actinomyces israeli 

^ Pari^itic actinomycetes with the characteristics described below have been 
isolated from actinomycosis in man, cattle and other animals by Wolff and Israel 
(152) Wright (153), Colebrook (21, 22), Lignite (81) and many others. 
Wnght predicted in 1905 that they would be found as a normal inhabitant of 
the mouth. Lord (84, 85) demonstrated them in sections of carious detritus 
and in material from tonsils; and they have since been isolated from the human 
mouth and throat by many workers (97, 99, 86, 41, 130, 126), who have shoivn 
these organisms to be very similar to or indistinguishable from those of ac- 
tinomycosis. 

Morphology. A. Israeli is a gram-positive, branching, filamentous organism. 
It is not acid-fast, does not form spores, and is non-motile. The individual fila- 
ments are generally less than 1 micron in width, like most bacteria, and nntif-P 
the true funp, which are usually several times as wide. A. israeli, however, 
varies markedly in appearance under different conditions. Since some of the 
difficulties in this field seem to have been determined in the past by failure to 
recognize or to identify this organism, a full description of it seems warranted 
here. 

In tissue sections made from the lesions of actinomycosis, the organism appears 
in the form of compact granules or colonies which are often visible to the un- 
aided eye. The characteristics of the granule are frequently clear enough for 


diagnostic purposes under low magnification (50 to 100 diameters), but their 
details are best seen under higher power (400 diameters or more). The granule 
may be roughly circular or irregular in outline, or may be seen to consist of 
several colonies of different size and shape which have coalesced. Each granule 


is composed of a dense reticulum of fibrils which may stain irregularly in hezna- 
to.'C 3 ’'lin-eosin preparations but take the violet dye in sections stained by Grain's 
method. Around the peripheiy of the granule the ends of individual filaments 
may be seen projecting, or, more characteristically, part or all of the peripheiy 
may be composed of the radially arranged hyaline clubs to which the actinomy- 
cetes owe their name. The clubs take the eosin stain; they are several times 
wider than the filaments whose ends they enclose, and the fflament can some- 
times be traced \rithin the structure of the club. Such radial clubs are o en 
regarded as primary diagnostic features of the true actinomycotic gran e, 
but their value for the purpose is only relative, since ^anules f 

A. israeli may fail to show clubs, and, as noted below, simdar if not identical 
clubs may be found in other disease processes, notably 
In exudates from actinomycosis, colony particles are 
present, and may be macroscopically vnsible as sulft/r gran^ , ' „ wtion 

spherical or mulberrj'-Uke masses, usually whitish or pale yellon, 
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of a millimeter to about 2 mm in diameter. The granules are usually soft and 
easily broken imder h'ght pressure, but they ma 3 ’- occasionally be tough or even 
calcified. In a wet, unstained slide-coversKp preparation the crushed granule 
appears as a more or less disorganized mass of irregular, bent and branching 
filaments, some of which ma}’’ terminate in the characteristic clubs. In prepa- 
rations fixed and stained bj’’ Gram’s method the structm-e of the granule is 
usually completelj^ lost; clubs are not in evidence, and although some indi- 
\ddual branching filaments may appear, the tiT^ical picture is that of a mass of 
irregular, bent gram-positive rods with projecting portions which give the frag- 
ments a twig-like appearance. 

In preparations from the month or throat in the absence of actinomycosis, these 
organisms maj’’ take several forms. Clubs are not seen, and clearly branched 
filaments are seldom apparent. Lord (85) has described the occurrence of 
branching filaments in tissue sections of scrapings from carious teeth and of 
masses taken from tonsillar cr 3 'pts; and Naeslund (99), Soderlund (128) and 
others have described a similar pictme, with occasional clubs, in sections of 
salivar}’- calculus. Clumps of bent twig-fike rods, usually with httle or no 
clear evidence of dendritic branching, can often be seen in stained films made 
from these locations, or from gingival scrapings from a pj^rrheal pocket. That 
such organisms are in fact A. israeli is indicated by their recover}’- in cultures 
from such sources; but microscopic examination is seldom sufficient in itself 
to justify their identification. Darkfield examination of wet preparations is an 
excellent method for this purpose, since the clumps retain their character more 
perfectly in wet preparations than when dried for staining, and the darkfield 
method shows the continuity of structure of the t-wig-hke and branched forms. 
On the other hand, e\'idence from culture preparations suggests that A. israeli 
maj’- also occur on the oral and pharyngeal mucous membranes as unbranched 
gram-positive rods or diphtheroid forms which would defy identification by 
means of the microscope alone. 

In cultures, the morpholog}'- of A. israeli nms the gamut from a compact 
mass clearly composed of a branching mycelium of gram-positive filaments to 
a quite undistinguished picture of regular short rods which maj’- be evenly 
stained or granular, and which show no indication of branching. These differ- 
ences are associated with roughness or smoothness of colon 3 >- form. Rough 
colonies, whether they grow on an agar surface, in the depths of an agar shake 
culture or in broth, show branching forms regularly when prepared for micro- 
scopic examination -nith care to avoid disorganization of the mass. Broken 
twig-like forms, however, are much more common than long filaments. Inter- 
mediate and smooth colonies often jdeld a picture that resembles that of the 
diphtheria bacillus, \vith granular and polar-stained forms disposed in V- and 
Y-groupings, and -vrith suggestive but not conclusive evidence of branching. 
Some smooth colonies, derived after repeated subculture from rough and clearly 
branched forms, maj' appear as short evenfy stained rods with no distinguishing 
characteristics. The rough and intermediate forms often show terminal swell- 
ings or “clubbed forms” like those of the diphtheria bacillus; but the true clubs 
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seen in sections of actinomycotic tissue do not appear in either wet or fixed 
mcroscopic preparations made from cultures of A. Israeli. Wright (153) oV 
tamed clubs irregularly in cultures by groirth or pemistence in the presence of 
high concentrations of serum or ascitic fluid. Lord and Trevett (86) were un- 
able to produce clubs by similar means. It has been generally assumed that 
club formation represents a response of the tissues to the presence of the or- 
ganism. Bayne-Jones (4), on the other hand, obtained t3Tiical eosin-staining 
clubs in sections of a colony from a glucose broth culture. 

Growlh arid Mclabolism, The isolation and maintenance of pure cultures of 
A. israeli have often been found difficult, apparently only because two char- 
acteristics of the organism have not been widely recognized; 

1. Strains are apt to die out if cultivated successively on any single medium, 
but generally thrive if transferred alternately to different media (43, 115)! 

Among the media recommended, in addition to infusion broth or agar con- 
taining 1 per cent of glucose, have been Dorset’s egg or glycerin-egg medium 
(43), Lubinski’s medium (102), chopped-meat infusion broth, and Bacto brain- 
heart infusion to which 2 per cent of agar is added (115), None of these media 
appears to be fully satisfactory, in itself; hence the need for alternate transfers, 
apparentlj' on the “varied diet” principle. 

2. The organism has a limited tolerance for oxygen which varies from strain 
to strain and in individual strains at different times. Some strains grow only 
under anaerobic conditions, while others may grow aerobically, especially in 
broth; but any strain is likely to be lost if maintained through successive trans- 
fers under aerobic conditions only. Rosebmy, Epps and Clark (115) were 
able to maintain 15 strains without difficulty by cultivation in anaerobic jars 
containing 5 per cent of carbon dioxide, wliich was found to favor continued 
growth. 

A. israeli grows best at 37°C and fails to grow at 22°C. The optimum pH 
range for groivth is 7.2 to 7.6 (21, 101). According to Negroni and Bonfiglioli 
(102) no growth occurs in the absence of carbohydrate; but other workers have 
obtained groivth in plain nutrient broth or agar, and the miter has cultivated 
the organism successfully in fluid media negative to Benedict’s reagent. Growth 
is much more abundant, however, in the presence of glucose. 

Acid mthout gas is produced from a vide range of carbohydrates (SI, 60, 
102, 43). Naeslund (97) stated that some strains showed definite proteoMic 
action on coagulated egg albumin and serum and on gelatin, in the presence of 
sterilized saliva and glucose; but other workers have found A. israeli uniformly 
non-proteolytic (81, 86, l02, 43). Lignieres (81) reported no production ot 
indole, while Negroni and Bonfiglioli (102) found indole produced “ 
amounts, and also recorded reduction of nitrate vith two strams but not m n 
others. According to these workers, HjS is formed in glucose agar contaiimg 
liver extract and lead acetate; and washed human red blood cells are ’ 

but not rabbit cells or whole blood. _ Most workers have found , 

hemolytic. Pigments or antimicrobial substances such as have 
from species of saprophytic actinoraycetes (see Waksman, 144) have 
recovered from this organism. 
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A. israeli is easily killed by moderate heatmg: in 3 to 10 minutes at 62 to 
64°C (153) ; in 1 hour at G0°C (21) ; or in 30 minutes at 60 to G5°C (102). Wright 
(153) reported that gi’anules in actinomycotic pus ivere stiU ^^[able after being 
i-ied in test tubes in air for 18 to 22 daj^s. Cultures dried over anhydrous 
phosphoric acid in vacuum by Negroni and Bonfiglioli (102) remained alive for 
3 or 4 months in the ice chest. Lyophilization or similar methods of preserva- 
tion do not seem to have been tried with this organism. Freshly isolated 
cultures in agar shake tubes, kept in the refrigerator, should be transferred 
every two weeks, while older strains may remain \nable in this medium in the 
cold for about a month. 

Cultural Characteristics. The appearance of ^dgorously growing A. israeli, 
as noted above, varies in relation to the roughness or smoothness of the strain. 
When first isolated from parasitic or pathological sources in man most if not 
all strains are either rough or intermediate. Some strains show httle tendency 
to change, but others become smooth after prolonged artificial cultivation. The 
rough strains are the more distinctive. 

In glucose-agar shake cultures incubated in air at 37°C, growth is seldom 
visible nithin 48 hours and more commonly requires from 3 to 6 days. The 
colonies are white or greyish, roughly spherical or compound, “crumb-hke” 
and up to about 1.5 mm in diameter. The appearance of rough strains in this 
medium is generallj’’ highly characteristic and hence of diagnostic value; growth 
is concentrated in a zone about 5 mm wide, with its upper limit from 0.5 to 2 cm 
below the free surface. Scattered colonies may be present below and occa- 
sionally above this zone, but groniih does not occur on the exposed surface. 
With smooth strains there maj’' be no zone of concentrated growth, but uni- 
formly distributed colonies may extend from the bottom of the tube to a level 
0.5 to 1 cm from the surface, at which the growth terminates abruptly. When 
a whole colonj’’ of a rough strain in this medium is transferred ndth a capillary 
pipette to a slide, the colony is often found to be tough and difficult to break 
up and emulsify; but either darkfield or gram-stained preparations show the 
characteristic compact branched mycelium. 

In glucose broth, incubation in air at 37°C may be successful through one or 
more subcultures; but anaerobic incubation is more reUable. In either in- 
stance the growth of rough strains is again ver>’’ characteristic: they appear as 
white or grejnsh masses, up to about 5 mm in diameter, at the bottom of the 
tube, the medium itself remaining perfectly clear. Colebrook (21) has aptly 
described these masses as resembling tiny cauliflowers or breadcrumbs. Like 
other colonies of rough strains they are often difficult to break up. Transfer 
of the supernatant medium to a fresh culture medium fails to secure growth; 
it is necessar\' to transfer a ATsible fragment of the colony. Intermediate strain.^ 
tend to grow as smaller particles or granules either at the bottom or along the 
side of the tube, or as ^'iscid or floccculent masses, again with little or no gen- 
eral turbidity; while smooth strains, particularly imder anaerobic conditiouc, 
may produce uniform turbidity vith or without a ^■iscid or granular sediment. 

Surface colonics on suitable media, such as glucose agar or brain-heart agar, 
ncubated anaerobically with 5 per cent CO* for 4 to 6 days, are sufficiently 
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distinctive ivith rough or intermediate strains to make this the method of 
choice for the isolation of A. israeli, particularly from contaminated sources. 
On sparsely seeded plates the colonies may have a diameter as great as 3 mm 
but more commonly they are 1 mm in diameter or less. To the naked eye they 
appear dead white, or more rarely slightly gre 3 dsh or yellovish. They are 
opaque, matt,^ and_ somewhat pitted or irregular in both surface and outline. 
Under a magnification of 5 to 10 diameters, and with suitably reflected illumina- 
tion, rough colonies present a glistening but irregular surface and a high-raised 
contour, “heaped-up” in Erikson’s (43) phrase, somewhat like colonies of the 
tubercle bacillus, but on a smaller scale. Such colonies are usually found to be 
strongly adherent to the medium, so that they are hard to remove vdth an inocu- 
lating needle, often come away all in one piece, and are emulsified with diffi- 
culty. Intermediate colonies may have a smooth but irregularly contoured 
surface which, -with their white color and peculiar opacity, may give them a 
striking resemblance to the cronm of a human molar tooth, as noted by Sullivan 
and Goldsworthy (130). Completely smooth colonies, on the other hand, are 
not distinctive, but resemble the smooth round raised colonies of white staph- 
ylococci or diphtheroids. They are soft and easily broken and emulsified. 
Whether such smooth actinomyces colonies ever appear on primary plates 
from contaminated sources is not knowm; if they do it would not be easy to 
mark them apart from other colonies on the plate, and it would be particularly 
difficult to distinguish them from certain diphtheroids. It may be noted that 
some of the common aerobic bacteria, particularly streptococci, may appear 
on anaerobic-COa plates in colonies verj’- different from the familiar ones on 
aerobic media; and an occasional rough white colony similar to those described 


above may turn out on examination to be a streptococcus. 

Subdimsion of A. israeli. Several attempts have been made to subdivide 
the parasitic actinomycetes into distinct groups, but none of the proposed 
classifications has been generally accepted, perhaps because the number of 
strains studied by any one investigator has never been large enough to make 


reported differences seem convincing. The bases for subdivision have been 
differences in (a) oxygen tolerance (97); (b) morphology and growth rate (41); 
(c) fermentation reactions and agglutination (60) ; and (d) colony morphology , 
correlated with source of strains and with agglutination reactions (43, 78). 
Naeslund (97) and Emmons (41) recognized that their groups were closely 
interrelated. Holm’s (60) two groups seemed to be distinct, but he studied 
only 9 strains, all derived from actinomycosis in man. Lentze (78) and Erik- 
son (43) found independently that fermentation reactions were too variable to 
be useful for classifying strains derived from actinomycosis in both man and 
cattle. These workers reported that bovine strains w^ere usually smootner 
than human strains and that they were distinct by agglutination. EnKson 
moreover, found 5 bovine strains to be more tolerant of „ 

strains from human disease, and also less exacting in their nee or 
of A. israeli isolated from mucous membranes of persons ^^*00 
were not included in these studies. Such strains seem to be smooth m 



PARASITIC ACTIKOMTCETES 


197 


than those obtained from actinomj'-cosis in man (115). Smoothness or rough- 
ness is, however, a dubious basis in itself for classification. It appears on the 
whole that A. Israeli is a heterogeneous species; but until more extensive data 
are available it seems unwise to attempt to subdi\dde it. Data given below 
show that strains from aU three common sources, actinomycosis in man and 
in cattle, and non-actinomycotic mucous membranes, may aU be capable of 
producing actinomj^cosis under experimental conditions. 

Interrelationships of A. israeli with Other Microorganisms 

Taxonomic Position of the Actinomycetes. The whole order Actinomycetales 
exemplifies, perhaps as weU as any biological group, the continuity of the hidng 
world, and the fluidity of the boimdaries which are drawn in an effort to sepa- 
rate it into larger or smaller categories. Sometimes called “higher bacteria,” 
they seem to be related through the diphtheria bacillus, the tubercle bacillus, 
and the closer relatives of both, to the bacteria proper; and through the true 
fungi to the plant kingdom as a whole. Because of their apparent intermediate 
position the writer has refrained from speaking of them either as bacteria or 
as fungi. 

Actinomyces and Lactobacilli. The parasitic actinomycetes may have an 
additional bond of relationship to the bacteria proper, through lactobacilli of 
the bifidus tjTJe (114). The lactobacillus isolated from the intestines of guinea 
pigs by Crecelius and Rettger (27) seems particularly reminiscent of an ac- 
tinomycete intermediate between the rough and smooth forms described above, 
in its morphology, its nonfastidious anaerobic habit, and in other respects. 
The onlj' direct comparison between A. israeli and Lactobacillus bifidus that 
seems to have been made is that of Puntoni (109), who reported that differ- 
ences between the two groups in morphology and in biochemical and serological 
characteristics were quantitative rather than quahtative and lay within the 
range of expected variation of the two heterogeneous groups. This subject 
seems worth further study. 

Parasitic and Saprophytic Actinomycetes. The parasitic actinomycetes are 
ordinarily so clearly distinct from the saprophi^tic forms that there would seem 
to be httle reason to confuse them. , Two points of difficulty have nevertheless 
arisen, as follows: 

1. hlembers of the saprophytic group have been observed in and isolated 
from actinomycosis, especially in cattle (14, 81) and they have also been culti- 
vated from the hmnan mouth (97, 125). Naeslimd (100), moreover, has found 
that rare strains of saprophytic actinomycetes — two strains out of several 
hundred isolated from plants and soil — ^were capable of producing actinomycosis- 
hke disease in experimental animals. None of 30 saprophj’tic strains isolated 
from mucous membranes of human subjects without actinomycosis had this 
propertj". Two other instances are cited bj’’ Colebrook (22) and a third by 
Wright (154) in which saprophjriic actinomj'^cetes seem to have been responsible 
for suppurative lesions containing tj-pical granules. In an earlier study Naes- 
lund (97) had been able to recover A. israeli from the human mouth in greater 
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abundance than the saprophytic forms; and m view of the greater resistance 
and wdespread distribution in nature of these latter, he argued that they are 
chance invaders and not indigenous to the mouth. He noted that 3 out of 
30 saprophytic strains isolated from the mouth grew poorly at 37°C but lu-vuri- 
antly at 15 to 20'’C,— a clear indication that these strains, at all events were 
not indigenous. ’ 


According to the data collected by Colebrook ( 22 ) the truly aerobic (sapro- 
phytic) actinomycetes have been recovered in only a small minority of instances 
from actinomycosis in cattle, and rarely if ever from the disease in man (1 
doubtful case out of 94). Cope (25) notes that the occasional recovery of 
saprophytic actinomycetes from lesions in man may be due to contamination, 
but believes that they may at times cause such disease. Biggart ( 12 ) has re- 
corded a case of generalized and rapidly fatal disease following hysterectomy, 
from which a true saprophytic actinomycete was recovered. Ihe organism 
produced small non-fatal lesions in experimental animals. No granules were 
found either in the patient at autopsy or in the animals inoculated with cultures. 

The facts thus do not justify categorical e.\-clusion of the saprophytic actino- 
mycetes as incitants of actinomycosis; but it seems clear that their importance 
in the human disease is of a very low order. 

2 . The use of the term anaerobic actinomyces as an overall designation for the 
parasitic forms (e.g., Colebrook, 23) seems to have led to confusion in that 
some strains whose characteristics place them with A. israeli have not been 
classified as such because they were found able in some degree to grow m air. 
Anaerobiosis vithin the parasitic group is relative and variable, and its variation 
does not afford a basis for their subdivision. The group as a whole is easily 
distinguished from the aerobic saprophytic group by other characteristics (table 
1 ). Organisms which seem to have been A. israeli but were able to grow in air, 
and which were regarded as ambiguous either by the original author or by 
others, have been described by Naeslund (97), Lord and Trevett ( 86 ), Bibby 
and ICnighton (11), Crowley (28), and Bartels (3). 

The relationship to actinomyces of organisms described under this and other 
names, including Leplolhrix and Cladolhrix, is discussed below. 


THE LEPTOTRICHIA 

The genus Leptolrichia comprises certain imhranched gram-positive rods and 
filaments which occur characteristically and prominently as paraates of e 
Luman mouth, but which have no known pathogenic or other signihcanc 
Only a single species, Leptolrichia bnccalis, can be defined mth any ; 

The names Leptolrichia and Leploihrix have however been used ^ 

loosely to apply to a variety of forms, some of which can be placed wi 
doubt in distinct genera, while others have remained unidentified. ^ ^ 

The name Lepfothrix is not properly applied to this group, bacteria which 
first given by Kiitzing in 1843 (76) to a genus of filamen ous 3 . 5 . 

are free living and autotrophic, and c^ot be cohere 
lated to the parasitic filaments under discussion. These parasi 
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first described as Leplothrix buccalis by Robrn (111, 112). Similar microor- 
ganisms had been described and pictured by Leeuwenhoek in his letter of 1683 
(36) and by Buehlmann in 1840 (17). Tre-pisan, in 1879 (139), recognized the 
distinction between Kiitzing’s iron forms and those of the mouth, and proposed 
the generic name Leplotrichia for the latter. 

Leptoirichia buccalis is a gram-positive unbranched filamentous organism, 
non-motile, non-sporulating, with a tendency to grow as coarse, often granular 
threads or long rods which may be rounded and sometimes clubbed at one end 
and tapered or pointed at the other. The most complete study of this organism 
is that of Thjptta, Hartmann and Bpe (137). Clear descriptions of it have also 
been given by IHigler (72), who called it Leplothrix buccalis, and bj’’ llTierry 
and Ohver (149), who gave it the name Leplothrix innominata as used earlier 
by Miller (95). 

According to Thjptta and his collaborators this organism can alwaj's be seen 
in smears from the mouth, especially from the central part of the dorsum of 
the tongue. The}'^ succeeded in growing it on Bacto brain-heart infusion 
medium containing up to 2 per cent of agar, and found that it grew better 
“in a jar emptied of air and filled up with CO2” than under either aerobic or 
completely anaerobic conditions. The pre^^ous workers had described it as a 
facultative anaerobe or microaerophile. Colonies are about 1 mm in diameter 
after 24 hom's, but continue to grow and reach a much greater size after 7 days’ 
incubation at 37°C. Thej’’ are described as ha\Tng a characteristic thatched or 
medusa-head appearance and a pearly translucency and lustre, and are found 
by microscopic examination to consist of “long streamers of rods or filaments 
closely packed together like rafts of timber in a river.” On blood agar the 
colonies are smaller and more irregular; they are not hemoljdic but may pro- 
duce shght greening. Although distinctly gram-positive in young cultures 
they become increasingly gram-negative later, and often show gram-positive 
granules in a gi'am-negative base. They stain yellow with iodine. AH strains 
have been found to ferment several carbohydrates including starch, and to 
acidify milk vith or without coagulation. Final pH values ranged from 4.7 
to 5.2. Gelatin was not fiquefied, and neither indole nor H5S was produced; 
but some strains reduced nitrates. Complement fixation tests with 5 rabbit 
antiserums showed ten strains to be mutually interrelated but not homogeneous; 
while a strain of oral Lactobacillus acidophilus did not react with anj’- of the 
serums (137). 

IHigler (72) believed this organism to be one of three that constitute the 
essential flora of early dental caries, the others being Cladothrix placoides (see 
below) and L. acidophilus. So far as this %iew relates to Leptothrichia buccalis, 
it was based chieflj' on the abundance of the organism in deposits from early 
carious lesions and on its filamentous character, which suggested a capacitj' to 
help fix the more essential decalcifjdng organisms to the tooth surface. L. 
buccalis was found to be less active in acid production and decalcification than 
either of the other forms, and did not augment their powers in these respects 
when grown in combination with either or both. Kligler’s ■vdew with regard 
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to this organism has not received confirmation, and there seems to he little 
reason at present to credit it. 

Leptotrichia have also been associated -with salivary calculus, as noted be- 
low j but descriptions under this name, or under the name Leptothrix, of or- 
ganisms isolated from tartar have never conformed clearly with that given 
above. In some instances, notably the Leptothrix buccalis of BuUeid (18, 19), 
the forms isolated from tartar can be identified with Uttle doubt as Aciimmyces 
Israeli. Otherwise the identity of organisms isolated from tartar and given 
the names Leptotrichia or Leptothrix remains imcertain. This statement ap- 
phes even to the work of so careful a student of the actinomycetes as Naeslund 
(99).^ This author’s description of “leptothrix” isolated from tartar fails to 
identify it clearly, although it seems probable that the organism was not an 
actinomycete, particularly since typical A. israeli was also described as having 
been recovered from the same source. The filamentous organisms isolated 
from tartar and other oral sources by Bibby and his co-workers (8, 9, 11) are 
also inadequately identifiable. Some of these seem to have been A. israeli, 
but to have represented a selection of more oxygen-tolerant strains; while others, 
described as branching leptotrichia, cannot be placed with any assurance in 
either group. Organisms isolated both from tartar and from e.xcised Ogival 
tissue by Grythe (52, 53, 54) seem likewise to have included A. israeli and pos- 
sibly saprophytic actinomycetes as well; but other forms described as “lepto- 
thrix” are of doubtful identity. There seems consequently to be no evddence 
that true Leptotrichia buccalis occius in salivary calculus, and no reason, despite 
the frequent use of this and similar names in relation to these concretions, to 
assign any r61e to this organism in its deposition. 

Other attempts have been made to impute pathogenic significance to the 
oral leptotrichia, but without convincing evidence (see MacKenrie, 8SA). 


RnSCELEANEOHS FTHAMENTOUS MCKOORGANISMS 

Several apparently unrelated groups of microorganisms have been either 
(a) described under other names although they may belong with the parasitic 
actinomyces, or (b) described as actinomycetes or leptotrichia although they 
seem to belong in neither group. 

Possible Actinomycetes Described Under Other Names. As noted above, or- 
ganisms described as Leptotrichia buccalis, or loosely as leptothrix or lepto- 
trichia, have sometimes been identifiable as Actinomyces israeh. 

Leptotrichia placoides (Bergey et al, 5) may include either A. israeh or a rou^ 
lactobacillus, or possibly a form intermediate between the two; while 
properties attributed to it seem to exclude it from both these 
niecki (37, 38) first applied. the name Leptothrix of 

positive aerobic orgamsm isolated from a root canal. ^ 

Ids and tangled threads failed to form yore^ ^i^Xated 58 

serum, and grew at 16 to IS-’C as well as at 3/ C. I^gler ( 1 

strains which he believed to co^espond with ®°^"^^onn. Some were 
named it Cladothrix placoides. lOigler’s strains were not unifoim 
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gram-negative, and some liquefied gelatin. IMost of them, however, were 
gram-positive and non-proteol 3 d;ic. They fermented glucose, sucrose and in 
some instances lactose; reduced nitrates, and failed to form ammonia or indole. 
Morphologically they were variable, with coccoid, diphtheroid and filamentous 
forms, some of which showed swollen ends and “false” branching. The pre- 
ponderant gram-positive non-liquefjdng form may have been an actinomj'cete 
which was not obser^^ed imder conditions that permitted demonstration of 
true branching, although IQigler’s statement that this form was aerobic and 
grew slowly at 20°C makes it doubtful that the organism was A. israeli. Bibby 
and Knighton (11) considered Kfigler’s organism to be the same as forms de- 
scribed bj’’ them, which in turn seem to have been selected aerobic strains of 
A. israeli; these organisms were non-proteolytic, but also grew slowlj' at room 
temperature. 

Kligler regarded his Cladotlirix -placoides as second in importance to Lacto- 
bacillus acidophilus in the flora of earlj’’ dental caries. This mew was based 
in part on the common occurrence of the organism in the disease, along with 
lactobacilli and Leptotrichia huccalis; and also on the finding that Cladothrix 
placoides was second to Lactobacillus acidophilus in acidogenic power, aU other 
species tested ha^g been much less active. It is this finding which suggests 
that C. placoides may have been a rough lactobaciUus; and there is nothing in 
Ifligler’s description of the majoritj’’ of his strains that would definitelj^ contra- 
indicate this mew. 

Other So-called Leptothrices and Actinomyces. The names Leptofhrix and Ac- 
tinomyces have been applied rather indiscriminate^ to several additional micro- 
organisms, not all of w'hich can be identified from published descriptions, but 
none of which appear to fit into either of these genera. 

As earlj’" as 1890, Miller (95) remarked that the name Leptothrix buccalis 
had been applied loosely, and this has continued to be true. hliUer’s own use 
of this generic term is confusing. His Leptothrix buccalis maxima and Leptothrix 
innominata maj’’ both have been true Leptotrichia buccalis. His Bacillus huc- 
calis maximus has been identified bj’" Goadby (47) and bj’’ Kligler (72) as an 
aerobic spore-bearing form belonging in the Bacillus subtilis group, hliller’s 
Leptothrix giganfea, described, like the others, only on the basis of microscopic 
studj', maj’- have been a true fungus, as Thjptta, Hartmann and Bpe (137) 
have suggested. 

Leptothrix racemosa is a name given by Vicentini (142) to a peculiar structmre, 
seen in smears from the mouth, consisting of a long thick rod or filament with 
“conidia” or spore-like bodies clustered around one end. These forms may 
also have been fungi, or, as Thjptta and his co-workers believed, artefacts pro- 
duced bj' agglomeration of cocci around a leptotrichial or other filament. A 
somewhat similar form described bj’ Beust (6, 7), likewise on the basis of smears 
onlj’-, consisted of fusiform elements attached to a central stalk so as to give a 
“test-tube brush” appearance. Beust called this form Leptothrix falciformis. 
Such structures have also been seen bj' Da\'is (30) in so-called tonsillar granules 
and bj" Goodrich and Moselej' (48) and others in pj'orrheal pus; and the writer 
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has seen them occasi^Diially in dark-field preparations of gingival scrapings 
^ orgamsm mth similar morphology was cultivated by Mendel (94) and named 
Lcplothnx aslcTOide. This was a strictly anaerobic gram-negative organism 
which was said to be pathogenic for animals. Mendel’s description and photo- 
micrographs suggest a member of the genus Bacteroides. Tunnicliff (140) and 
Tiinnicliff and Jaclcson (141) isolated from tonsillar granules what seems to 
have been the same organism, which they named Vibriothrix tonsillaris, -a 
motile gram-negative anaerobe which in pure culture produced rosette and 
test-tube-brush forms similar to those seen in smears of the original material. 
This organism was also described as pathogenic for rabbits. Its relationships 
and significance seem to be entirely unknoivn. 

LcptolJn'ix anaorohius tenuis (80) and Actinomyces uecropliorus (77) are anaero- 
bic gram-negative filamentous organisms which belong clearly Mth the genus 
Bacteroides. 

Actinomyces muris (138) is a peculiar gram-negative organism of doubtful 
taxonomic position which, however, can hardly be placed ivith the true ac- 
tinomyces -without doing further violence to that already abused genus. Tliis 
organism is the causative agent of one form of rat-bite fever and of other un- 
common diseases of man. It was first described by Schottmuller in 1914 
(123) under the name Streptothrix muris ratti, but has most commonly been 
called Slrepiohacillus moniliformis (79). The Haverhillia multiformis of Parker 
and Hudson (105) is evidently the same organism. Heilman (57) calls it 
Asterococeus muris and regards it as a bacteria-like phase of a member of the 
pleuropneumonia group. This group, of which the agent of bo^^ne pleuropneu- 
monia is the typal form, appears to lie parallel vith the rickettsiae, but unre- 
lated to them, in a position intermediate between the bacteria as a whole and 
the viruses. In this taxonomic position the organism would be separated from 
the actinomyces by the whole range of true bacteria.^ It appears to inhabit 
the mouths of rats, mice and other animals, but has not been found in the 
human mouth, although similar forms have been observed in apparent symbiosis 
•with Bacteroides fimduliformis (33, 71, 34, 35). 

THE BACTERIOLOGY OF ACTINOMYCOSIS 

Actinomycosis may be defined as a subacute or chronic, usually progressive 
disease of cattle and other animals and of man, characterized by the develop- 
ment of indurated granulating swellings particularly in connective tissue, _ by 
suppuration usually of limited extent, and by the presence in the pus or lesions 
of A. Israeli, demonstrable microscopically, culturally or both. 

This is a restricted usage of the term actinomycosis. It follows the recom- 
mendations of Wright (153, 154), Colebrook (22) and 

justified by available knowledge of the subject It .j^Qj^ycete 

similar diseases in which the causative agent is (a) a saprop y . , -.j ; 

(rractinomycosis, Colebrook 22); (b) Actinobacilh^ ligniers^ (actmobacilloM^ 

2 Further data on Streptobacillus moniliformis are given in the following references . , 

69 , 70 , 71 , 33 , 32 , 119 , 147 . 
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Ligni^res and Spitz, 82, 83) ; (c) Staphylococcus aiireus (botryomycosis, jMagrou 
(91); and (d) the clinically distinct cutaneous mj'cetomas due to Sireptomyces 
madurae and other saprophjdic forms. In aU these diseases club-bearing 
granules may be fovmd in pus or in the tissues (see Shahan and DaAds, 124). 
Some of them, particularly actinobaciUosis,’ appear to be considerably more 
common in cattle than true actinomycosis, so that diagnosis merely by demon- 
stration of club-bearing gi-anules is unjustified. In man, on the other hand, 
diseases other than true actinomj’^cosis (excepting the cutaneous mycetomas), 
in ■which such granules are present, are so rare that demonstration of the granule, 
commonly accepted as diagnostic by pathologists, is hardly exceptionable.'* 
Nevertheless, since clubs, or even the granules themselves, may be lacking in 
clinically typical instances of actinomycosis in man, which can nevertheless 
be diagnosed by microscopic demonstration of the branched gram-positive 
filaments, or better, by recover^’’ of A. israeli in pure culture, the presence of 
club-bearing granules should not be made part of the definition of the disease. 

A discussion of the clinical features, histopathology and therapy of acti- 
nomycosis is beyond the scope of this re^•iew. Colebrook (22), Wright (154) 
and Cope (25) present authoi'itative accovmts of these aspects of the subject. 
The use of sulfonamide drugs in therapy has been described by Walker (146), 
Wilkinson (150), Cutting and Gebhardt (29), and Lj’ons, Owen and Ayers (87). 

Experimental Actinomycosis. A. israeli, isolated either from actinomycosis 
or from the human mouth or throat, has been found capable of reproducing 
actinomycosis in experimental animals, and has been recovered in pure cultures 
from the lesions. Such experimental studies have nevertheless been far from 
decisive, and their results in the aggregate are difficult to evaluate. It has been 
sho'v\Ti repeatedly that pure cultures of A. israeli are at times capable of repro- 
ducing in animals lesions in which many of the featmes of the natural disease 
are dupHcated, including the presence of granules and tsTiical eosinophilic 
clubs. Yet the majority of such experiments have resulted negativeljv Trau- 
matization ■«'ith a foreign body or by other means has not aggravated the effects 
of such inoculation, nor has the inclusion of other species of microorganisms in 
the inoculum. Single inoculations by any of several routes, in manj’’ species of 
animals, vith or ■without traumatic or other manipulation, have resulted at 
most in the development of locahzed lesions "vithout the wooden induration or 
the progressive and fatal character which often characterize the natmal disease. 
Passage from animal to animal has not seemed to increase the •sdrulence of the 
organism. Repeated inoculation bj’- means apparently invohdng sensitization 
has ^fielded progressive and fatal actinomycosis of a seemingly tj^iical charac- 

* Further details on actinobacillosis are given in the following references: 82, S3, 107, 49, 
15, 81,00, 124. 

* -According to Cope (25) onlj' 3 cases of actinobacillosis in man have been recorded. 
Drake, Sudler and Canutcson (39) have noted that 10 cases of botrj’omycosis in man have 
been reported. .As noted previously, disease resembling true actinomycosis but due to a 
saprophytic actinomycete (Colebrook’s “paractinomycosis”) seems also to be very rare in 
man. 
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ter; yet again this result has been obtained ^vithout regularity. On the whole 

e data leave no doubt that A. israeli is the causative agent of actinomycosis; 
that potentially pathogenic actinomyces are vddespread in the mouth and 
throat; and that secondary or accompanying infection is not necessary for the 
development of the disease. On the other hand the available data do not 
solve the problem of pathogenesis; they suggest that some condition or combi- 
nation of conditions as yet unknown determines the occurrence of the disease, 
but fail to place the mechanism of its development beyond speculation. 

Details of experimental actinomycosis may be described under the following 
heads; 

Single inoculation of pure cultures of A. israeli. More or less extensive nodules 
or tumors, sometimes containing typical granules with clubs, more often con- 
taining recoverable actinomyces, have been produced in guinea pigs and rabbits 
by intraperitoneal inoculation (152, 153), and in rabbits by the intratesticular, 
subcutaneous or intracutaneous routes (86) ; in cattle by a single subcutaneous 
injection (81, 90), or by simultaneous multiple subcutaneous injections (100, 86); 
in sheep by the subcutaneous route (81); and in swine by inoculation into the 
testicle or the udder (90). Naeslund (100) also succeeded in infecting a single 
guinea pig, among several animals injected, by intraperitoneal inoculation. 
He and others have failed to enhance the virulence of the organism by passage 
of exudate or recovered cultures. His results and those of Lord and Trevett 
(86) are noteworthy in that the actinomyces used had been isolated from human 
tooth-scrapings rather than from actinomycosis. It must be emphasized that 
none of these workers obtained uniform results, hlost of them, for example, 
failed to produce lesions in guinea pi^ and rabbits; and Lignihres (81) and 
Magnusson (90) in particular used a wde range of other animal species with 
negative or inconclusive results. 

Single inoculation with trauma or other manipulation. Traumatization by 
various means has generally failed to increase the severity of experimental 
lesions or to yield a more uniform response than simple inoculation. Wright 
(153) was unconvinced that his positive findings in guinea pigs and rabbits 
showed clear evidence of multiplication of the organism in the tissues, and 
attributed the somewhat more extensive lesions produced by Wolfi and Israel 
(152) to the inclusion of agar in the inoculum. Magnusson (90), IS'aesltmd 
(100), Emmons (41) and Sullivan and Goldsw'orthy (130) ail obtained negative 
results or atypical lesions by inoculation of cultures and simultaneous imp an a 
tion of a foreign body such as a horse-hair or a wood-splinter. Grootten f j, 
who failed to obtain lesions in rabbits after simple inoculation by se^era rou s, 
succeeded in producing mesenteric nodules by the introduction o agar ^ ur 
of A. israeli through an incision in the abdominal wall. . 

(86) used a similar method in guinea pigs vith negative resul s. i j._ 

Bonfiglioli (102) were able to produce indurated ^ eLal rab- 

able organisms, but apparently not contaumg f ^ ’ je ^ut only 

bits, a guinea pig and a white mouse all by 
when a suspension of sterile rabbit kidney was added to the mocuiu 
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Inoculation of vnpurified source material containing A. israeli. Magniisson 
(90) reported that moculation of animals -nith pus, derived from actmom5'cosis 
in cattle, and containing t5T)ical granules, jdelded results similar to those ob- 
tained vdth pure cultm'es. Negroni and Bonfiglioli (102) failed to produce 
lesions in animals b}' inoculation of actinom5motic pus. Lord (85) inocidated 
guinea pigs intraperitoneally vith scrapings from carious teeth or vith material 
from tonsillar crj^^ts, both of vhich had shown actinomj’’ce3 in sections. In 
some instances, as would be expected (116) this treatment resulted in generalized 
peritonitis, probablj’’ fuso-spkochetal in character, in which actinom3'ces prob- 
abty plairnd no part. In more than half the animals, however, actinomjmotic 
nodules and adhesions developed on the omentum after 2 to 6 weeks, and manj"" 
of the lesions showed granules ■with eosin-staining clubs. Somewhat ^similar 
results are obtained by Naeslund (100) by intraperitoneal inoculation of guinea 
pigs "ndth human sahva and tooth scrapings, but in a smaller proportion of 
animals. Subcutaneous inoculation of cattle ■with similar mixed material also 
produced small actinomycotic nodules in some instances. These findings fail 
to demonstrate that such impurified inocula are more active in the production 
of actmom3'-cotic lesions than are pure cultm'es. 

Inoculation of cultures of A. israeli mixed with other bacteria. Pus from acti- 
nomycosis often contains contaminating bacteria, particular^ when it is taken 
from a fistula draining to the skin; but there is no reason to believe that such 
accompanying bacteria need pla3'’ an3’^ part in the natural pathogenesis of the 
disease. A small aerobic gram-negative organism called Bacillus actinomycetum 
comitans {Actinohacillus actinomycetem-comitans, Bergey ef al. (5)) has been 
suggested as of special importance in this relation. lOLnger (73) origmaIl3’- 
found this organism in four cases of actinom3'cosis, and Colebrook (21) found 
it around granules of A. israeli in 24 of 30 cases, but never independentl3’'. 
Pure cultures of the organism killed 2 of 3 rabbits with a quickly developing 
septicemia after intravenous injection of large doses. Ba3Tie-Jone3 (4) has also 
recovered this organism from actinomycosis. Naeslund (100) and Sulhvan 
and Goldsworth3^ (130) have reported, however, that mixtures of B. actinomy- 
cetum comitans with A. israeli were no more pathogenic for experimental animals 
than the actinom3'ces alone. These mvestigators and also Emmons (41) have 
also reported failure to produce significant lesions b3^ inoculation of animals 
with cultures of other bacteria mixed with A. israeli. 

Repeated inoculation of A. israeli. Progressive and fatal actinomycosis, 
eAidentl3’^ closel3^ similar in some instances to the natural disease, has been 
produced in guinea pigs and rabbits 63' several investigators by repeated inocu- 
lation at inter^'als that might have permitted the development of allergy to 
the organism. Again, however, the results have been inconsistent and hardly 
more than suggestive. Islathieson, Harrison, Hammond and Henrici (92) 
gave as man3’ as six injections of A. israeli to five guinea pigs at different in- 
tervals up to 46 da3's, using the intraperitoneal, intratesticular and subcu- 
t.aneous routes. The animals did not respond to the first injections, but all 
reacted to later injections in var3'ing degree with inconclusive indications of 
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actinomycosis In all these animals, crushed granules from actinomycotic 
pus were used for some of the inoculations and pure cultures for the remainder 
1 our additional ^mea pigs were inoculated only ndth pure cultures. One of 
these was given six injections at irregular intervals over a period of 3i months 
the first intratesticular, the second subcutaneous, and the others intrap’eritoneal! 
Mother received only two injections, both intraperitoneal, at a 10-day interval. 
Iseither animal showed more than slight local reactions grossly; but both, 
when killed 7 days after the last injection, showed apparently typical abdominal 
actinomycosis, with adhesions and multiple nodules containing clubbed gran- 
ules. Findings in the other two animals, which received 3 and 6 injections 
respectively, were not characteristic. 

These results could not be confirmed by Emmons (41), who gave repeated 
double inoculations (intraperitoneal and subcutaneous) of A. israeli to guinea 
pigs. As many as 8 such inoculations given at intenmls of 4 days to 2 weeks 
elicited only small abscesses without progressive disease. Negative results 
were also reported in rabbits by Negroni and Bonfiglioli (102) after two in- 
jections of large doses of culture given at 11-day intervals by the intraperitoneal, 
intravenous or intratesticular routes. 

The most striking findings following repeated inoculation of A. israeli have 
been those reported by Slack (126). Positive results were obtained by this 
worker accidentally followdng attempts to immunize rabbits with living cul- 
tures. The strain of A. israeli used had been isolated from p}’’orrheal pus. 
Large and increasing doses of a suspension in broth were mjected intravenously 
at 3-week intervals. All of 4 rabbits given 3 or 4 such injections developed 
indications of chronic progressive disease, fatal in thi'ee; while the other was 
killed a few' days after the fourth injection because of extreme emaciation and 
weakness. At autopsy all four animals w'ere found to have actinomycotic 
lesions of the viscera, with clubbed granules in three. Similar results were 
obtained in a single guinea pig, which became emaciated and died after seven 
intraperitoneal injections of the same culture, given at 3-week intervals. Gran- 
ules without clubs were found in the viscera of this animal. 

Eosebury, Epps and Clark (115) have attempted to confirm the findings of 
Slack in a larger series of animals. Positive results were obtained with three 
out of nine strains of A. israeli, including two of three isolated from cervico 
facial actinomycosis in man, and one of six isolated from gingival scraping- 
A total of 24 guinea pigs and 16 rabbits were given from one to eight successive 
injections at 3-W'eek intervals of massive doses of culture suspended m s 
solution. Clear evidence of actinomycosis was obtained in 2 

progressive and fatal in 2 guinea pigs and 1 rabbit, localized and emgn 
other rabbits. Repeated injection by the intravenous or 
seemed to be innocuous. Single or be re- 
produced only mild local lesions from which by 

covered. The fatal reactions were obtamed by intrapleura 
inclusion in the inoculum, given by this route or the^esions 

ized salivary calculus. The orgamsm mjected was reemere 
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of the fatal cases at autopsy. In the two guinea pigs n-ith fatal thoracic actino- 
mycosis granules -svithout clubs were found in sections. One of the rabbits 
ndth locaUzed infection, which showed onl3'’ small nodules subcutaneous^ and 
in the lungs, aU of vrhich failed to jdeld actinom3’’ces on culture, was the onl3’- 
animal in the series in which clubbed granules were foimd. 

These results seem to emphasize the random and uncertain nature of the 
pathogenesis of actmom3"cosis. Repeated inoculation ma3’- induce generalized 
and fatal disease, whereas a single inoculation causes no more than locahzed 
lesions uith httle tendency to progress; 3'et in both instances the results on the 
whole are more often negative than positive. Determining conditions in the 
pathogenesis of progressive actinom 3 'Cosis are emdentty still unknown. 

Attempts to determine whether allerg3’^ to A. israeli is related to the de- 
velopment of actinomycosis, by skin tests with h^^ng or killed cultures or culture 
filtrates, have given ambiguous results both in human subjects ( 92 ) and in rab- 
bits ( 115 ). Health3' persons have been found to react irregularly, while pa- 
tients with franlv actinom3’'cosis have failed to react in some instances. Inocu- 
lated rabbits reacted more strong^ than iminoculated controls, but no clear 
difference was found between animals which later revealed no pathological 
changes and one animal that subsequent^ died with progressive actinom3’-cosis. 
In man the reactmty of health3' subjects ma3' be related to the occurrence of 
the organism as an indigenous parasite; and loss of sensitmty ma3’’ possibly 
occur with the development of active disease, as is known to happen in tuber- 
culosis ( 129 ). 

Epidemiology. The theor3’- of Bostroem ( 14 ) that actmom3’'cosis is an exo- 
genous infection derived b5'' traumatization with grass, straw or grain which 
carries the infecting agent has been maintained b3’' repetition in man3'- text 
books and is still entertained, despite the almost universal failure to adduce 
evidence in support of it, and the opposite trend of nearly all the available 
data. Bostroem foimd vegetable particles in actinom3"cotic lesions in man 
and cattle; he was able, although very rai-ely, to isolate saprophytic actinomy- 
cetes from the diseased tissue; but he was unable to demonstrate their patho- 
genicity. As noted above, later workers have found that Bostroem ’s organism 
is seldom imphcated in boidne actinomycosis and is even more rarel3’- found in 
man. It has also been assumed that actinomycosis is an occupational disease 
of farmera and other agricultural workers, transmitted either b3’- contact with 
infected animals or b3’- direct traumatization with infected grain resulting, for 
example, from cheving straw. Dams ( 31 ) has remewed this question and 
found that such rural groups seem no more subject to the disease than me- 
chanics, clerks, or urban groups generally. Among 46 new cases described 
b3" Davis, onR- 15 were farmers and onR' 3 gave a histor3' of chewing grass or 
straw. It has never been clearl3’^ shown, moreover, that actmom3'cosis can be 
communicated from animals to man, although man3* instances suggestive of 
such transmission have been recorded. Griffith ( 49 ) found in England that a 
high percentage of beef tongues and other tissues from animals slaughtered 
both localh' and in .\rgentina contained club-bearing granules. Most of these 
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were identified as due to actinobaciUosis, but in more than 5 per cent of in- 
stances they appeared to be true actinomycetes. Yet no instance of actinomy- 
cosis in man h^ ever been traced clearly to the ingestion of such contaminated 
looa. transmission from man to man seems to have been suggested in only 
tivo instances (2, S8) but irithout convincing evidence in either. 

The causative agent of true actinomycosis, A. Israeli, has never been found 
apart from a parasitic or pathogenic habitat; and its inability to grow at low 
temperatures, its lack of spores, and its requirement for reduced oxygen tension, 
all seem to make it incapable of existence under saprophytic conditions. It has 
been noted that potentially pathogenic A. israeli can frequently be found in 
the human mouth and tliroat in such local disorders as chronic tonsillitis, dental 
caries, gingivitis and pyorrhea, in the etiology of which these organisms appear 
to play no part. It is possible that they occur in small numbers in the fully 
healthy mouth; and that, in common vith a large section of the mouth flora, 
they proliferate under a variety of different local conditions which contribute 
to or constitute the picture of poor oral hygiene. It seems justifiable, at all 
events, to include them with such microorganisms as the lactobaeilli and the 
oral spirochetes (neither of which can be demonstrated constantly in the mouth) 
as members of the indigenous flora, and thus to assume that the oral and pharyn- 
geal mucous membranes are their natural habitat. Since actmomyces isolated 
from such sources exddently belong in the same group as those obtained from 
clinical disease, and since strains from both sources have been found capable of 
producing experimental actinomycosis, the endogenous character of the natural 
disease seems inescapable. This xdew' was first suggested by Wolff and Israel 
(152) and amplified by Wright (153). It has since come to be accepted xirtually 
ndthout dissent by all students of the parasitic actinomyrnetes. Naeslund (100) 
and others have suggested, moreover, that if trauma from straw, splinters and 
other vegetable matter plays a part in the pathogenesis of actinomycosis, it 
may be by facilitating the introduction of A. israeli into the tissues from a 
mucous membrane, or aiding the growth of this organism in the tissues, 
rather than by causing exogenous infection with a saprophytic actinomycetc. 

Just how infection of adjacent or remote tissues develops through the agency 
of natural surface parasites nevertheless remains to be determined. It may e 
noted here that the comparative rarity of actinomycosis in man seems m _ e 
with the experimental data prexdously given in suggesting that the determmng 
factor in the disease is something in addition to and less common t an oca 
trauma or even repeated autoinoculation, although both may well e ” 
utory incidents in its pathogenesis. It may be significant ® ® , 

tooth extraction or other injury to mouth or throat has ^ , 

tained in cervico-facial actinomycosis (see Cope, 25 ; Daws, , , 

instances of hand infection with actinomycosis foUowmg voun . “ 

the human teeth have been recorded (89, 112A); or tooth 

cosis has been associated with aspiration of an extracted ^ 

fragment (61A, 148); and that an actinomycete has been recov 
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blood immediatel}’’ after extraction of a tooth. (104). Finally, the apparent 
role of A. israeli in the deposition of salivary’- calculus, as detailed below, sug- 
gests that these deposits may play a part in the pathogenesis of actinomycosis. 
The experimental data of Rosebury, Epps and Clark (115) tend to support 
this ^dew, but it has not been clearly demonstrated. This general subject 
invites further investigation, and currently improved methods for the culti- 
vation and maintenance of A. israeli, as described above, may facilitate its 
solution. 

Diagnosis. Diagnosis of actinomycosis in man rests on a combination of 
clinical signs and on microscopic demonstration, or preferably isolation, of the 
causative agent. Attempts to apply other specific diagnostic tests, such as 
the demonstration of agglutinins to A. israeli in the patient’s serum (21) or 
of skin sensithdty to the organism or its products (92) have not been successful. 
Neuber (103) has recommended both a complement-fixation reaction and a 
skin test, but the conditions given for performing these tests make them ap- 
pear impracticable. It is apparent, therefore, that no means of specific diag- 
nosis is available in the absence of surface lesions, or where exudate cannot be 
obtained for bacteriological study. 

Direct microscopic demonstration of A. israeli depends on the presence of 
gram-positive branched rods or filaments. Eosinophilic clubs are a confirma- 
tory but not an indispensable adjimct. Isolation of A. israeli in pure culture, 
however, is the most corndncing diagnostic procedure. 

■^Tiere exudate containing t 3 TDical granules can be obtained with reasonable 
expectation that contaminating bacteria are absent, inoculation of glucose- 
agar shake cultures may suffice for isolation. The granule is transferred to a 
tube of melted agar that has been cooled to about 45°C, broken against the wall 
of the tube, and distributed through the medimn. Several additional tubes of 
melted glucose agar should then be inoculated serially. These cultures may 
be incubated at 37°C in air. After 3 to 6 days, successful uncontaminated 
cultures show the characteristic whitish spherical or mulberry-hke colonies 
growing in the depths of the agar, often with a dense zone of colonies about a 
centimeter below the free siuface. The diagnosis is confirmed by demonstra- 
tion in such a colony, removed with a capillary pipette, of a branched mycelium 
or of branched twig-like gram-positive rods and short filaments. 

The method used by Roseburj^, Epps and Clark (115), although not so simple 
as the preceding, is recommended as preferable, and is almost indispensable if 
the source material is contaminated. For this purpose Bacto brain-heart 
medium containing 2 per cent of agar is used in streaked plates. The granule, 
or a loopful of exudate or other source material, without washing or other 
manipulation, is streaked serially on fom: plates of this medium with a bent 
glass rod. A loopful of sterile broth may be used on each plate to help moisten 
and distribute the inoculum. The plates are incubated for 4 to 6 days at 37°C 
in an anaerobic jar with hj'drogen, catalyzed by heated platinum or palladium, 
and containing about 5 per cent of carbon dioxide. Tj^pical colonies may then 
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fehlTff as described previously.* A typical colony should be 

Prevenlion. Since we are ignorant of the mechanism whereby A. macU 
proceeds from its habitat on the mucous membranes to set up protnessive 
esions in the deeper tissues, no specific recommendations for prevention can 
c given. In general the data seem to constitute one reason among others for 
the avoidance of excessive trauma in surgery of the mouth and pharynx. In 
view of the indications that the organism is found particularly in the presence 
of local inflammatory processes like pyorrhea or gin^vitis, the prevention or 
control of these disorders may be expected to help prevent actinomycosis, among 
other possible systemic sequels of defective oral hygiene. 


SALIVARY CALCajLUS 


There is convincing evidence that microorganisms play an important part 
in the deposition of salivary calculus or tartar, — the calcified masses that form 
on the surfaces of teeth or other fixed structures (such as prosthetic appliances) 
in the mouth. Much of the evidence points to Actinomyces israeli as the agent 
in the formation of these concretions; but the data leave many questions un- 
answered, particularly ivith reference to the mechanism whereby the deposits 
are formed.® 

The several clinical varieties of tartar — supragingival and subgingival calculus 
and salivaiy duct stones — all appear to be similar in chemical composition 
(74) and in microscopic structure (98, 99), as well as in their content of micro- 
organisms (99, 8). They all seem to originate from saliva. Physical differ- 
ences between concretions from the different sites, in hardness, texture and color, 
are probably dependent on the location in which the mass is deposited (73). 
Supragingival calculus, the variety that forms in largest amount and is most 
readily obtained for study, is deposited on exposed surfaces of the teeth, prefer- 
entially on those adjacent to the orifices of the salivary ducts; i.e., on the lingual 
surfaces of the lower anterior teeth and on the buccal surfaces of the upper 
first and second molars. It is also found frequently on malposed or irregular 
tooth surfaces elsewhere, in areas that are difficult to reach or are habifuallj 
not reached by the toothbrush (59), and on the surfaces of teeth that 
used in chewing because of pain or because opposing teeth are lacking. ® 
freshly deposited these concretions are cream-colored or yeSouish an so , 
so that they may easily be brushed away (13) ; but they 
firmly adherent ivithin a few days, and later they become staine J oo 
tobacco. Subgingival calcuhis, sometimes miscalled “senima! cac us, 


' This method has been found successful for isolation of A. israch ° It should 
actinomycosis and from grossly contaminated sources such “f 6'”^ ^ occurrence of the 
be noted that in view of the sensitivity of the method and “ other material 
organism in the mouth and throat, the recovery of 4. tsraeh from sp 
contaminated from these areas is not necessarily diagnostic of ac in ^ g^^jxenenbaum 
• For general reviews of salivary calculus see Rosebury and wars 
and Karahan (136). 
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deposited on the tooth surface under the free margin of the gum within the con- 
fines of the gingival cre\'ice or in a pyorrheal pocket. It is generally harder than 
the supragingival form, perhaps because it is formed more slowly, and is usually 
deeplj’- stained, probabty as a result of small hemorrhages around it. This 
form of tartar is found characteristicallj’’ in pyorrheal pockets, but it is not 
knovTi whether it is a cause or an effect of the pocket. Supragingival calculus 
may cause irritation of the underl 3 Tng epithelium, but because of its position 
on the outer gingival epithehum it probably has no bearing on pocket formation. 
That both varieties maj’’ be irritating, however, and may aggravate gingival 
and periodontal lesions if they do not cause them, is indicated by the beneficial 
results that generallj’’ follow their removal. 

The inorganic composition of tartar and duct stones has been studied by 
several investigators (131, 74, 108, 64, 45) with a good agreement in the data 
which, especially in ^dew of differences in analytical methods, suggests that the 
concretions originate bj'^ a unif orm process, hlineral matter constitutes about 
70 to 80 per cent of the mass, and consists mainly of calcium and phosphorus, 
with magnesium and other elements in smaller amounts. The proportions of 
calcium, phosphorus and magnesium in tartar are similar to those in dentin, 
and appear to be present either as tricalcium phosphate or as a hydroxyapatite 
or other apatite-hke salt (64, 106, 93). Chemical study of the organic portion 
of subgingival tartar (45) has indicated about 8.3 per cent of protein, consisting 
of keratin, mucin and nucleoprotein; and 2.7 per cent of fatty material. The 
keratin and mucin appear to be derived bj’’ inclusion in the mass of desquamated 
epithelial cells and of saliva, respectively. 

Microorganisms in Calculus. All three clinical varieties of calculus, when 
studied in carefully decalcified sections stained by Gram’s method, have been 
found to contain a characteristic stroma of filamentous microorganisms, in 
parts of which true branching can be seen (98, 99, 128, 51, 52, 53, 54, 133). 
According to Naeslund, this stroma can be demonstrated in all specimens of 
tartar if careful histological methods are used. Branching filaments are seen 
particular^ in the deeper or older portions of the mass, while continuous with 
these in the more peripheral or newer portion the stroma may consist of un- 
branched filaments in palisade or radial arrangement. In some instances, 
however, only branching filaments can be seen, and these pervade the entire 
mass. Naeslund reported that tjqjical actinom 3 ’'Cotic clubs maj’- be demon- 
strable occasionall 3 ’- in tartar, especially in the subgingival variet 3 ^ 

Bacteriological studies of tartar alwa 3 's 3 neld a variety of indigenous oral 
microorganisms, as would be expected. It seems significant, however, that 
Aclinomyces israeli has been isolated both from the surface and from the depths 
of tartar more often than other filamentous microorganisms, and that it appears 
to be the onl 3 ’ organism among those coimnonh' recovered whose morpholog 3 ' 
would account for the characteristic branched stroma seen in sections. Organ- 
isms whose properties as the 3 ' were described indicate their identit 3 ' with A. 
israeli have been isolated from tartar b 3 ’' Bulleid (IS, 19), Naeslund (99), Bibb 3 ' 
and Ixnighton (10, 11); Crx-the (52, 53, 54), and Rosebur 3 ', Epps and Clark 
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(115). Naeslimd, whose findings seem particularly noteworthy in wew of his 
earlier (97) careful studies of actinomycetes, was able to isolate anaerobic 
actmomyces repeatedly from both supragingival and subgmgival concretions 
more often from the peripheral calcified portion than from the deeper portion! 
He noted that such organisms could be recovered much more commonly than 
the unbranched filamentous forms. He and others have called such unbranched 
forms Leptolhrix or Leptotrichia. As noted above, organisms from tartar which 
have been thus named cannot be clearly identified, and they appear to play 
no important part in the formation of the deposits. An exception is the or- 
ganism isolated by Bulleid (18, 19). Although he called it Leptolhrix bucmlis, 
Bulleid’s description of a gram-positive form showing true branching, preferring 
anaerobic conditions, and growing as small adherent raised rough colonies, 
suggests that he was dealing with A. israeli. 

That microorganisms play an essential part in the deposition of tartar is 
indicated by the findings of several investigators, who were able to produce 
deposits similar to natural tartar in vitro. Such artificial deposits have appeared 
in stagnating saliva (108, 99, 55); in artificial mixtures of salts and protein 
made to resemble saliva and left exposed to air and contamination (108); and 
in culture media containing calcium salts and inoculated with pure cultures of 
actinomycetes or other organisms (18, 19, 99, 8). In the latter experiments 
artificial tartar deposition did not occur in sterile media, and was inhibited by 
the addition of disinfectants or when killed instead of viable organisms w'ere 
inoculated. As noted above, the organism studied by Bulleid appears to have 
been A. israeli. Naeslimd also produced concretions with pure cultures of 
actinomyces, and apparently succeeded likewise with his unidentified 'iepto- 
thrix.” Bibby reported best results with unidentified filamentous organisms 
and with Proteus sp, and Bacillus subtilis. The data of Bulleid and Naeslund 
suggest the capacity of A. israeli to form concretions, but the evidence as a 
whole leaves little doubt that other organisms may be equally capable of form- 
ing them. It seems noteworthy that A. israeli is not conspicuous for its calci- 
fying action in most other areas. Tlie “sulfur granules" of actinomycosis are 
only rarely calcified (81). Cornell (26) has described a case of actinomycosis 
of the internal female genitalia in which the granules, found in sections, 
to have been composed largely of unidentified crystals. Elliot (40) not c 
occurrence of calcified sulfur granules in actinomycosis of the 
liculi. Of special interest in this connection is the view of Soderlun ( 
salivary duct stones are formed as a result of a localized 
of the ducts. Precipitation of calcium salts by A. israeli, althoug } no 
a constant phenomenon, may be conditioned by the emdronmen i 


the organism grows. _ _ = decosited, 

Mechanism of Tartar Deposition. The manner in which ^ 

whether by the action of A. israeli or otherwise, has been - J 

speculation and experiment but has thus far remamed o » 
theories of tartar formation have been discussed ? bon dioxide 

(117), and may be reviewed here briefly. The belief that I 0 ..S 
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from saliva is the essential cause of tartar formation (96, 67) is invalidated by 
the findings (a) that the change in CO 2 content of sahva on exposure to air is 
insignificant despite loss of the gas (20), and (b) that hmitation of the escape 
of CO 2 from stagnating sahva in vitro has not affected the formation of artificial 
deposits (55, 99). The theorj' of Prinz (108) which suggests that precipitation 
depends on loss of protective colloid as a result of surface concentration of col- 
loids in stagnating sahva fails to take account of bacterial action, as disclosed by 
subsequent studies, and rests on the doubtfid assumption that sahvary stagna- 
tion is essential to the process. It seems hardly likety that the oral regions 
nearest the sahvary duct orifices, in which tartar forms by preference, afford 
better conditions for stagnation than other parts of the mouth. Broderick’s 
view (16) that tartar deposition depends upon a generahzed alkalosis which is 
reflected in increased sahvary alkalinity has received httle support from the 
data of Tenenbaum and Karshan (134, 135, 136), who found the difference in 
pH between calculus-free and calculus-forming groups of persons to be smaU 
and of uncertain significance in stimulated sahva, while the average pH values 
in unstimulated sahva for the two groups were nearly identical. Changes in 
the pH of the medium, moreover, have not been found important in the deposi- 
tion of artificial concretions (55, 8). 

Naeslund (99) has suggested that calculus is formed through the actmtj’’ of 
actinomyces and “leptothrix,” which induce the precipitation of sahvarj' salts 
and also act as a matrix both to retain the deposit and to attach it to the tooth 
surface. Since the organisms remain ahve at the peripher}’" of the calcified 
mass, the process would be progressive rather than seh-limiting. This part of 
Naeslund’s theory — except for its inclusion of the ambiguous “leptothrix” — 
is in good agreement with the facts presented above. The known abilitj* of 
A. israeli to form a dense branched mycelium which tends to attach itself 
firmly to the sm-face on which it grows may, indeed, make this organism uniquely 
capable of acting as a matrix for the deposition of tartar. 

Naeslund goes further, however, to suggest that the mechanism whereby 
these microorganisms precipitate salivary salts depends, first, on the loss of 
sahvary colloids, and hence of their “protective effect” on the salts in solution, 
as a result of bacterial proteolysis; and secondly, on a consequent or correlated 
increase in the pH of the medium. As noted pre%’iously, Naeslund (97) re- 
ported that some strains of A. israeli were proteoliriic and could induce an 
alkaline reaction; but other workers have imiformly failed to confirm this 
finding. Naeslund himself (99) foimd that the proteolytic action of his “lepto- 
thrix” was “weak, in some cases xmcertain,” and stated that “on accoimt of 
the scanty growth no definite change in reaction could be detected” with this 
organism. There is no doubt that the mechanism postulated bj* Naeslund is 
thcoreticalb’^ sound, in that the changes he suggested would result in the precipi- 
tation of salivarj’^ calcium salts; but the data do not make it clear that the micro- 
organisms concerned are capable of inducing them. 

An alternative explanation, invobfing the action of phosphatases, may per- 
haps be substituted for the doubtful part of Naeslund’s theorj'. The evidence 
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on this point, however, is incomplete and hardly more than suggestive The 
action of these en^^es, which liberate phosphate from organic combination 
and are tooivn to take part in the deposition of the calcified tissues, was first 
suggested as important in tartar formation by Adamson (1) and Smith (127). 
These workers believed that phosphatase derived from the gingival tissue rather 
than from microorganisms is the active agent in the process. Zander (155), 
however, has shown by a histochemical method that phosphatase is not present 
in gingival epithelium, although it is found in the connective tissue, and par- 
ticularly in capillary endothelium. Phosphatase would thus be liberated from 
the gums only under pathological conditions. On the other hand it is known 
that microorganisms may produce phosphatase. Glock, Murray and Pincus 
(4G) found it produced by several oral species, including strains of actinomycetes 
which, however, appear to have been saprophytes rather than A. israeli. Smith 
(127) had shown that phosphatase activity in saliva was concentrated in the 
sediment after centrifugation; and, as Zander (155) has pointed out, this finding 
may indicate that the greater part of the activity in saliva is derived from the 
oral microorganisms. The phosphatase activity of many bacteria may explain 
their apparent ability to produce concretions in vitro, as noted above. Yet it 
has not been shoum that A. israeli produces phosphatase, and no direct evidence 
has been provided to link these ensymes to tartar formation. Saltmnann (121) 
and Tascher and Wagreich (132) have both found that the degree of salivary 
phosphatase activity is not related to the presence or characteristic absence of 
tartar on the teeth. The enzyme that may be associated wth tartar formation, 
however, would be expected to constitute no more than a small fraction of the 
total phosphatase content of saliva at large; hence the negative import of these 
results may not be significant. 

Smith (127) and Glock, Murray and Pincus (46) found maximal phosphatase 
activity in saliva in the pH range 5.0 to 6.0; while Tascher and Wagreich (132) 
have reported phosphatase activity both at pH 4 and at pH 7.4 in a sample of 
supragingival calculus. The latter workers also observed that human parotid 
saliva collected directly from the orifice of Stenson’s duct showed phosphatase 
activity. Although their experiment does not necessarily exclude micro- 
organisms as the source of the enz 3 Tne, it seems improbable that salivary p os 
phatase is derived entirely from the microorganisms of the mouth. 

If Actinomyces israeli is the active agent in the deposition of calculus, is 
capacity to form tartar would seem to depend chiefly on its roorpho ogy m 
characteristic gro^Yth which, as Naeslund suggested, would attach t e grm ^ 
mass to the tooth surface and serve as a stroma or matrix for conjmuea - 
tion of the deposit. Being unique in this respect, it might not nee ° 
in possessing a capacity to precipitate calcium salts, whatever 
of such precipitation may be, in order to serve as the only 
the necessary properties for calculus deposition are combine • ^ploys 

station of the capaoity of .1. .taoK to fonn tartar, and 
to do so, is nevertheless needed to make this suggestion soro S 
the best guess afforded by the available information. 
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Predisposing Factors in Tartar Formation. Salivarj'' calculus is seldom found 
in the mouths of children, but its occurrence seems to increase with advancing 
age, and it is very prevalent among adults. It has been foimd on the teeth of 
EgjT)tian mummies, Incas and other ancient and aboriginal peoples (66), as 
well as on those of modem primitives such as Eskimos (118) and other isolated 
groups such as the natives of Tristan da Cunha (122, 44). Such groups are 
known to be comparatively free from dental caries; and it is a matter of com- 
mon obseiwation that mouths ivith particularly heav^y tartar deposits ma 3 '- be 
found free from deca 5 ^ Rosebury and Waugh (118) reported that among a 
group of Alaskan Eskimos those with active caries generally had less tartar 
and those free from caries generallj’^ had more tartar than would have been 
expected on the basis of their average age alone. It is of interest, moreover, 
that groups of persons who tend habitually to form tartar in large amounts 
have been found bj"^ Tenenbaum and Kaishan (134, 135, 136) to have signifi- 
cantly higher levels of total calcimn and inorganic phosphorus, in both stimu- 
lated and unstimulated saliva, than groups lacking this tendency. Similar 
findings have been reported for Alaskan Eskimos (63, 65) and for Greenland 
Eskimos (62). The differences were e^ddently not due to the presence of large 
calcified masses in the mouths of the group vith tartar, since similar values 
were obtained before and after removal of the deposits (135). The protein 
content of saliva was not found significantly different in the two groups. In 
stimulated saHva the average pH was slightly lower for the calculus-free group, 
the difference between the two groups being of uncertain significance; while 
the average values for pH of imstimulated saliva from the two groups were 
nearly identical. 

Willsmore (151) has reported that the occurrence of calculus is related to 
oral hj’-giene, indicated in terms of the frequency of tooth brushing, and also 
to variation in tendency of saliva to deposit cellular debris on standing. Among 
36 persons who brushed their teeth at least twice a dayq and whose sahva did 
not tend to deposit debris, none had calculus. At the other extreme, among 
51 persons who never used the toothbrush, and whose saliva tended markedly 
to deposit d4bris, all but one had calculus, and 45 had abundant deposits. Data 
for groups vith intermediate degrees of these two conditions were generally 
consistent with this pattern. 

Since tartar is soft and easily removed when it is first formed, the develop- 
ment of hard deposits can presumably be prevented by regular and efficient 
brusliing of the teeth. Otherwise, however, it appears that a tendency to 
form calculus maj"^ depend on indi\ddual variation in the composition of saliva. 
There are no data on the incidence of A. israeli in the mouth correlated vith 
such tendencj\ It has been noted that persons m'th tartar generally have a 
higher salivary concentration of the principal inorganic constituents of the 
deposit. This finding maj-^ imply that such liigher concentrations are required 
in order that the mechanism of precipitation maj' become operative. 

Tartar in itself (excluding duct stones), in \'iew of its widespread occurrence, 
can hardlj' be looked upon as pathological; but on clinical grounds it seems 
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ag^avate pathological changes in the adjacent soft 
ssues. The occurrence of viable Acltnomyces israeli in tartar has led to the 
suggestion (23)^ that detached masses of this material may be instrumental in 
t le pathogenesis of actinomycosis, whether by aspiration into the respiratoiy 
tract or by other means; and as noted previously suggestive evidence in support 
of this view has been provided from experimental studies (115). It is evident, 
however, that only further research can clarify the many questions in this 
field that remain imanswered. 


SUMMARY 

The name Actinomyces israeli is applied in this review in accordance with 
priority and usage to those gram-positive, branched microorganisms which 
are generally cultivable under partial anaerobiosis, which are parasitic on cer- 
tain mucous membranes, and which are responsible for true actinomycosis in 
man and animals. The morphology of this organism is described as it appears 
in sections of and in exudates from the lesions of actinomycosis, and also in 
preparations from the human mouth and throat, and in cultures. Methods 
are given for its cultivation and maintenance; and its cultural characteristics 
are described under various conditions of growdh. It is noted that A. israeli 
is a heterogeneous species, but that attempts to subdivide it have not as yet 
given satisfactoo’’ results. Interrelationships are considered of A. israeli with 
bacteria and fungi in general, with the anaerobic lactobacilli, and with the 
saprophytic actinomycetes. 

Leptolrichia bnccalis, an unbranched gram-positive parasite of the human 
mouth, is described, and data are reviewed which suggest that it has no patho- 
genic significance. Other microorganisms, described as leptotrichia, actino- 
mycetes, or under other names, are considered in an effort to place them taxm 
nomically. These include Leptolrichia (Cladolhrix) placoides, Lepiotkrix 
racemosa and L. falciformis, and Actinomyces muris. 

Actinomycosis is treated with special reference to the e.xperimental produc- 
tion of the disease in animals. Data are given which indicate that single inocu- 
lations of pure cultures of A. israeli have ydelded non-progressive lesions irregu- 
larly; trauma or other manipulation with such single inoculations has not 
seemed to aggravate this effect; nor has the use for inoculation of pus ^ rom 
naturally occurring actinomymosis, or of other unpurified material contammg 
the causative organism. Supplementing pure cultures of A. tsraeli wt 
lus aclinomycelum comitans or other bacteria has likewise failed to e 
infectivity of the inoculum. On the other hand, progressive and fatal acti r 
cosis has been produced experimentally, in rabbits and guinea pi^ y , 
injection of A. israeli. Here again, however, the are 

and suggest that essential factors in the pathogenesis of aetm ) 
smi Xwn. It has not been clearly demonstrated that a lerg^ f JS 
is such a factor. The common occurrence of potentially pat = 
on the oral and pharyngeal mucous membranes m the absen 
the apparently strictly parasitic habit of the organism, an 
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able epidemiological data all point to an endogenous origin of tbe natural dis- 
ease. 

Methods for the bacteriological diagnosis of actinomycosis are given, and the 
problem of prevention of the disease is considered briefly. 

The data reviewed on the nature, composition and manner of formation of 
salivary calculus or tartar indicate that these concretions are precipitated from 
saliva through the action of oral microorganisms. Suggestive but incomplete 
evidence points to Actinomyces israeli as the causative agent. The mechanism 
of tartar deposition, although the subject of much speculation, has not been 
clarified. The hypothesis that seems most promising involves the action of 
phosphatase of microbial origin. It is suggested that the capacity of A. israeli 
to grow as a branched mycehum attached to tooth simfaces, by prodding a stro- 
ma for tartar deposition, may make this organism peculiarly capable of forming 
calculus. The saliva of persons who tend to form tartar has been found to 
contain higher average concentrations of calcium and inorganic phosphorus 
than the saliva of non-formers, and it is possible that such high levels may be 
required for their precipitation. 
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EECENT ADVANCES IN ODR ICNOWLEDGE OF THE PHYSIOLOGY 

OF MICROORGANISMS^ 

C. B. VAN NIEL 

Hopkins Marine Slaiion of Stanford University, Pacific Grove, California 

About a century ago Pasteur started to develop Ms thesis -that -there are a 
large number of characteristic decomposition processes of organic materials 
-vMch are brought *about by the .activities of various microorganisms. .As 
good'examples mayaerve the conversion of sugars to alcohol and carbon dioxide, 
to lactic acid, to butjTic and other fatty acids and gases; the oxidation of ethjd 
alcohol to acetic acid, etc. For each of these processes a certain microbe or 
.a group of closely related organisms was held responsible. ' 

Most of Pasteur’s studies in this field vrere carried out with cultures wMch 
no-wadays no one would be wiUing to consider “pure” in the strict sense of the 
word. TMs did not materiall}’' affect the development of Pasteur’s thesis wMch 
has graduaUj’- become one of the foundations of our present-da}' science. That, 
even with impure cultures, Pasteur coidd arrive at tMs fundamental concept 
is due in part, but only in part, to his keen power of obseiwation. Nevertheless, 
an important adjunct has unquestionably been the fact that he used to a large 
extent simple and logically composed culture media for Ms e.xperiments. TMs 
resulted in the rapid development of a microflora wMch, in man}- cases, was 
restricted to a few easily recognizable t}-pes. 

Pasteur also anticipated that microorganisms play a significant r61e in human 
welfare, especially as causative agents of diseases. The careful study of these 
phenomena, soon imtiated, proved of such mtal importance that in a relatively 
short time tremendous strides were made in the diagnosis, cure and control of 
disease. So spectacular were the results that it is fully imderstandable how 
this aspect of the actmties of microorganisms rapidly attracted nearly all the 
•attention, of students and pubhc alike. To a great majority the study of these 
creatures became the equivalent of the study of diseases, their cause and cure. 

Nevertheless, there were a few scientists, like de Bar}-, Cohn, Winogradsky, 
Beijerinck, who, by their investigations of the general aspects of the microbes 
themselves, kept alive an interest in the more fundamental problems of biolog}'. 
In recent years it has become clear that this has been fortunate; more and more 
the emdence points to the benefits that can be derived from the use of these 
“simple” living beings for the study of the basic problems of life.- 

At present there is a distinct tendency to recogmze this, and to attempt an 

' Address delivered before the Society of American Bacteriologists at New York, May 
5 , 19 «. 

’ Cf., also, Otto Hahn’s statement: “While practically all the discussion in the book 
refers to bacteria, the principles developed reach beyond the domain of bacteriologj', and 
npply to biology generally. More than that, I believe that some of the principles of biologj- 
can be found and studied only with the simplest forms of life, and that general plu'siologj- 
has much to learn from the physiology of bacteria.” (1, p. viii). 
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amalgamation of various interests, a new inf^ration of ImoTriedre inf 
points. The inclusion in the program of a general meeting of o'lr Soity i; 
a broad paper on the ph3'dologj- of microoiganisms before a joint Essonks 
definite sign of such a drift. 

To the speaker who, for manj- j-ears, has realized and advocated theadrfln‘ar= 
of “General ^licrobiology” this is, of course, gratimng. It involve:, 
the difiicultj* of preparing a presentation which, on the one hand, is rinple enoci 
to make the problems intelligible to a general audience, and on the other, fc- 
cludes enough of interest to the various “specialists”. In spite of the tenvi- 
tion not to disappoint the latter group, I have decided to concentrate cath 
former aspect. 

As pre\ioush' stated, Pasteur’s approach to the culture of micriM:p±a 
was eminenth' rational. The advent of “medical bacteriologv” giada=I!yl?3 
to an unfortunate change in this respect. I do not mean to imply that it 
irrational to use tissue fluids, blood fractions, meat extracts, phyriologal-i 
solutions, and the like for the culture of bacteria occurring in body fee. 
On the contrary, the choice of such ingredients appears entirely lodcsL Bd 
the fact is that media of this type could be used satisfactorily also for grovg 
the great majoritj* of non-pathogenic organisms. And this resnlted bjn' 
adoption of such complex materials as “standard media” for general us i'— 
the culture methods became sfereotjT>ed, entailing the regrettable coa=ei::ss 
that one of the more important problems of microbial physiology, thsl e i-= 
nutrition of microorganisms, was not even recognized as such by mos; kb..- 
ologists. It is true that there were isolated instances which clearly dcaicn:—-^'' 
an awareness of the fundamental principles of nutrition. Xeverthe!^ i* ’* 
not until recentlj' that microbial nutrition began to be studied as s3?i-‘-y' 
and significant problem. Much of our present knowledge derive ^ 
mediately from the work of Lwoff (2, 3) and Km'ght (4). 

Just what is it that microbes need as food, in order to enable themtOt-'i 
to reproduce themselves? Since not a single case is known in which 
creatures accomplish a transmutation of elements, it is obvious that ah 
which are part of the lifting cell must be present in their enviromneii , 
shall be in a position to grow. But the form in which these elements 
for the building of new cells differs widely for various organisms. 

With the exception of carbon and nitrogen, all such elements csa 
factorily supplied as inorganic salts. The great diverritj' occurs 
to the carbon and nitrogen nutrition. While a great many microo^i^, 
can manufacture all their cell constituents from nitrates or amrnomum 
a single simple carbon compound, such as ethanol, acetic or lactic 
numeroirs others require additional and more complax substances 
can be made to grow. Some simple considerations will help in clam.-^ 
situation. ' . ^ 

As far as has been ascertained, all li^'ing organisms are tj- 

carbohydrates, proteins, fats and salts as the quantitatively 
stituents. In addition they must, in order to function propenjj ^ 
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en^jTnes, those “biological catalysts” which have been made responsible for 
most biological activities which reveal themselves in chemical transfoimations 
of various sorts, generally referred to collectively as “metabolism”. It is then 
ob%-ious that an organism which can grow, for e.\ample, in an inorganic salt 
solution mth ammonium acetate or lactate, must also be able to elaborate all 
its proteins, carbohj'drates, fats, as well as enz 3 Tnes, from these ingredients. 
On the other hand, an organism which cannot synthesize an essential protein 
constituent, such as ti^Titophane, obWously cannot produce new cells unless 
It be simultaneously supplied with either trjiitophane itself or with a substance 
from which it can produce trj'ptophane. 

This is quite elementaiy, as are many problems when properly stated. The 
^eat importance of so viewing the topic lies in the immediate clarification of 
the tme nature of the nutritional problems. It was Lwoff who, in 1936, first 
clearly stated that any substance which an organism cannot sjmthesize, and 
j'et needs for its developments, constitutes for that organism a “growth factor” 
(5). This statement appears eminently logical, and, in its ultimate consequences, 
unavoidable. As a rigorous definition of the term “growth factor” it is, however, 
not generally adopted; there are various other attempts at defining “growth 
factors", usually impl 5 lng that these should be substances of organic nature 
nnd required in minute amounts. No matter what special definition or termi- 
nologj' be applied, the concept contained in Lwoff’s statement makes it possible 
o draw some important inferences which have abeady proved e.vtremelj* fruitful, 
as may appear from the following recent developments. 

The decisive need for certain specific organic molecules in the nutrition of 
a microbe implies, on the basis of the above mentioned concept, a, that such 
compounds cannot be manufactured by the organism in question from other 
^ stances and 6, that they must play a fimdamental r61e in the well-being of 
e cell which, without a definite supply of these materials, cannot function 
normally. liVTiere this mode of reasoning is applied to those growth factors 
eeaed m minute amounts, it is, furthermore, necessary to conclude that only 
Relatively small number of molecules per ceU is sufficient to satisfy its needs. 

in turn, leads to the inference that such a substance, the qualitative re- 
quirement for which appears so much out of proportion with its absolute im- 
portance, must fulfill an extremely active role. In this manner we are led to 
search for a direct connection between this group of growth factors and highl}^ 
sc IV e cell constituents — that is, enzjnnes. If the particular organic molecules 
ere needed for the manufacture of enzjmies, then both the veiy small amoimts 
reRired^^ ^'id the vital necessity would be accounted for. 

ere it may be recalled that the first chemically recognized enz 3 'me constit- 
en s, riboflavin, thiamin, and nicotinic acid or its amide, were almost simulta- 
eously identified as specific growth factors for certain microorganisms. And 

ese are also substances which hav'e been known as vitamins for the higher 
animals. 


b ^ number of cases where a fundamental connection if not identity’ 

aen such growth factors for microoi^anisms and typical vita m ins has been 
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revealed. In fact, it is an easily defensible thesis that' all:^>itamins foh metazoa. 
Bill have their counterparts amonrthe microbial grorrth factom. Throf 
course, strengthens the raew that, m its basic features, the metabohsm of ail 
living organics is fundamentally the same. And thus studies on-growth factors 
for bacteria, fungi, and protozoa are of importance not onl^for the acquisition 
of a better understandmg of the nutritional problems'of microorganisms per^e 
but also for the prospect of the diseoveiy of as j'et, unknown vitamins: Further- 
more, those microbes which display an absolute requirement for specific vitamins 
have already proved extremely useful and inexpensive tools for the purpose of 
vitamin assays (6). 

^ One further implication of the interrelations between certain growth factors 
vitamins, and enz 3 Tnes is that those microorganisms which can develop in an 
environment devoid of one or more of such substances must be able to synthesize 
them from other foodstuffs. "Wherever this has be'en tested experimentally, 
it has been found to be true; as has also the conversion of these materials into 
enzymes in the relatively few cases in which such demonstration has been prac- 
ticable. 

In the foregoing paragraphs a deliberate attempt has been made to discuss 
the nature and function of specific growth factors in the most elementary sense. 
Not always are the experimental results quite as clear-cut or simple as those here 
considered. It occurs not infrequently that the development of a microbe, while 
not strictly dependent upon the availability of some special substance, can be 
greatly furthered by its presence. The common practice of referring'to this 
type of compound as "growth-promoting factors” has tended to obscure the 
fundamental concept of the nutritional problem. This is, however,. not' neces- 
sary because results of this kind can be satisfactorily interpreted in line uith the 
earlier developed hypothesis. It may readily be assumed that an organism 
which shows such a response is intrinsically capable of performing the synthesis , 
of the related cell constituent from other nutrients, but that this occurs 'at so 
low a rate that the over-all phenomenon of'grorvth becomes limited by this 
particular sjmthetic process. Hence the presence in the medium of preformed 
molecules of the compound in question eliminates* the necessity for, the- slow 
synthesis and consequently' can resuif.in an acceleration of grondh', now- pri* 
mnrily restricted by synthetic processes which take place, afr-a' considerably 

greater rate, . , u 

While this phase of the study of microbial nutrition has thus yielded. results 
and’ concepts wliich seeifi clearly to establish the relation between certain -kinds 
of growth factors and vitamins, it cannot yet be asserted that the connection 
between these substances and special enzymes has been demonstrated equaUy 
satisfactorily.- This, however, is undoubtedly the result of a still 
knowledge of the specific chemical nature of the enzymes; the pursmt ofi^rvtn 
factor studies has considerably exceeded that of the chemical composition of 
enzyme systems. The cMef reason for this lies in the difficulties coiinected mth 
the^rification of enzymes. Even the preparation of crude but active solutions 
has, in many cases, proved far from simple. 
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- Nevertheless, advances have been made in this respect, in part due to the 
introduction of new techniques. Among these the grinding mill of the English 
workers (7) and the powdered glass technique of Workman, et al. (8) are especially 
worthy of note. It becomes increasingly clear that a satisfactory’- picture of 
metabolism must entail a more penetrating comprehension of the chemical 
nature of these processes. And in mew of what has been achieved in a few isolated 
cases, it is not too much to hope that this will ultimately lead to a fine resolution 
of the over-all changes of foodstuffs to excretorj’- products and production of 
cell constituents into a series of simple steps, each proceeding under the in- 
fluence of its particular and special enz 3 Tne sj’-stem. 

The few general principles in this field which have been developed in the past 
25 years, and which have proved so eminently fruitful in guiding our future 
progress, have above all comprised the concept that any biochemical process 
consists of a more or less extended series of step-reactions, proceeding in order, 
and each one step representing a simple, chemically intelligible reaction. If 
the primary substrate consists of complex carbohydrates, oils or fats, or proteins, 
it was considered probable that these would undergo a preliminai^’- breakdown 
by hydrolysis. The split products would then be subject to a series of further 
breakdo-RTi reactions the nature of which is in essence a hydrogen transfer. 
Hereby the original substrate is either oxidized, or it may be split into smaller 
units, -while other substances or some of the split products are simultaneously 
reduced. 

Various objections have been raised especially against the assumption of a 
preliminarj’- hydrolysis of di- and polysaccharides. A number of experiments 
have indicated the existence of microorganisms which are able to decompose 
some polysaccharides but which apparently do not attack the constituent hexose 
units. A careful study of such cases' has, without exception, sho-wn that the in- 
terpretation of the experimental results was at fault. One of the most persistent 
claims, pertaining to the decomposition of cellulose by a group of bacteria imable 
to utilize glucose, was resolved recently by Stanier (9) who emphasized once 
again the long kno-wn but often forgotten production of toxic products during 
the heat-sterilization of glucose solutions. There is at present not a single 
authenticated instance on record of microorganisms which can attack some 
polj’-saccharide but not its hydrolytic products. 

There are, however, some well-verified examples of organisms decomposing 
di- and polysaccharides faster than the simple hexose constituents. Clearly 
this could not be so if the supposed hydrolyses initiate the decomposition of 
the polymers. The elucidation of this situation has resulted from the application 
of the discoveiy, by Cori (10), that muscle tissue depolymerizes gl 3 ’-cogen with 
the production not of glucose but of glucose-l-phosphate, the now famous 
Cori-ester. The greatest importance of this discovery lies in the fact that this 
type of reaction is enzymaticallj’- controlled, and reversible, thus making possible 
the enzjunatic s 5 Tithesis of glycogen or starch from glucose-l-phosphate. This 
concept was applied by Doudoroff to the decomposition of sucrose by- Pseudo- 
monas sacdiarophila, -which proceeds considerably faster than that of glucose. 
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IStittenT I'" '■’Sic. outcome „t ttb in- 

otJiTme ™t f “P«M demonstatiM of an anzymatb aj„lhe* 

OJ sucrose, not from glucose and fructose, but from Cori-ester and fmctosp 
again as a completely reversible process (12). ’ 

H; to definitively that all decompositions of 

and polysacchandes proceed by way of such “phosphorolyses” rather than 
hydrolyses, it appears, nevertheless, as a most logical and attractive rrorking 
hypothesis. This manner of depolymerization leads directly to products which 

function as the first mtermediate stages in the gradual breakdown of the simple 

sugars. ^ 

It should be emphasized that these recent developments in an understanding 
of carbohydrate breakdown imply far more than the replacement of a theory, 
gradually shown to be inadequate, by one which is at present more satisfactory; 
they also pave the way towards a deeper insight into the synthetic processes in 
metabolism. 

For a long time physiologists have been more or less satisfied with the concept 
that metabolism consists of two fundamentally opposite processes: catabolism 
and anabolism, or breakdown and synthesis. These two phases were considered 
as energetically coupled; the synthetic processes, requiring energy, were made 
possible by the occurrence of catabolic reactions in which energy is liberated. 

But the successful interpretation of the more intimate mechanism of catabolic 
processes has inevitably led to the desire to approach biological syntheses in 
a similar manner, and to comprehend the precise chemical nature of such reac- 
tions. It is obvious that the conversion of lactate and ammonia into carbohy- 
drates, proteins, fats, nuclear materials, enzymes, etc., is ultimately chemistry 
in the same sense as is the conversion of sugar to alcohol and carbon dioxide, 
or to lactic acid. The only real difference is that the former conversions are 
far more comph'cated. Now, the first examples of an enzymatic synthesis of 
carbohydrate show' an important principle : it isnot the hexose itself but a product, 
arising therefrom in the course of the gradual breakdown, which functions as 
the immediate raw material from which a spontaneous, enzymatic synthesis 
can proceed. 

A very similar situation has been known for some time in the case of the s>'n- 
thesis of amino acids. This has been achieved by the addition of ammonia to 
a keto acid or to an imsaturated acid with the subsequent reduction of the 
imino acid. Both these reactions have been recognized as reversible and enzyme- 
controlled, (13). Recent evidence to the same effect has come from the studira 
of Bonner el al, w'hich have shown that mutant strains of Neurospora, unable 
to synthesize leucine, isoleucine, and valine from glucose and ammonium salte 
can do so if supplied with the keto-acid analogs of these amino acids (HI. 

We are, therefore, in possession of a number— a very small number, i Js 
true— of examples which show that synthetic reactions, polymerizations as wei 
as the formation of new linkages, am comprehenrible 
simple chemical processes. Also in this <=^togoiy belongs the ^thesm 
carbon compounds from three-carbon compounds by the addition of carbo 
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dioxide to a three-carbon molecule, discovered by Wood and Werkman (15). 
This tj'pe of reaction is now recognized as of extremely wide-spread occurrence 
(16). One important aspect of these sjmtheses must again be stressed: the 
initial components for such reactions comprise in part not the original food 
constituents but conversion products thereof. And this group of products, e.g. 
Cori-ester, keto acids, etc., arise generally and readily during the gradual break- 
down of the original substrate. 

Following this trend of thought, it becomes rational to look upon the bi- 
ological sjmtheses as the result of series of consecutive step reactions for which 
one or more of the reactants are furnished immediately by catabolic processes 
inasmuch as they represent intermediate products in the chain of indi'V'idual 
steps comprising the breakdown of the substrate. 

This is also the place to call attention to the eminently important studies which 
have led Lipmann and others to a new concept connected with the gradual deg- 
radation of o.xidizable materials by deh3'drogenations (17, IS). Formerly it 
was considered probable that, whenever a double bond originated by dehy- 
drogenations — as, for example, in the formation of an aldeh3'de, keto acid, or 
unsaturated fatty acid — the addition of water as H and OH to the double bond 
would precede a further dehydrogenation. It now appears likely that, in analog}’’ 
■with the addition of phosphate during phosphorol3'sis of pol3'saccharides, also 
here not H2O but phosphate is added. The subsequent o.xidation of such phos- 
phorylated products then leads to the formation of curiously unstable, that 
is highly reactive, substances from which a number of 53^1^6363 may be expected 
which it would be impossible to achieve ■with the phosphate-free molecules. 
And it is of great significance that Vogler and co-workers have shown that even 
during the oxidation of an inorganic substrate, viz. sulfur, b3’’ 'the autotrophic 
bacterium Thiobacillus thiooxidans such labile, active organic phosphate com- 
pounds arise, especially since it has further emerged that these substances are 
intimately linked -with the s3aithesis of cell materials from carbon dio.xide (19). 
That it is very probable that also in the photos3’nthetic carbon dio.xide assim- 
ilation such phosphorylated substances participate can only be mentioned in 
passiog (see, for example, 20); suffice it here to emphasize the veiy general 
importance of phosphorylated organic compounds for the problem of biological 
syntheses. 

Hence it appears that a profoimd study of the steps involved in the breakdo'wn 
reactions -will do more tfinn 3rield a better insight into the mechanism of just 
these processes. It would furnish ever more complete information as to the 
e.xact chemical nature of the various intermediate products, and thus also tend 
to reveal the steps b3’’ which biological s3mtheses proceed. It is particularl3' 
m this sense that studies such as Foster’s on the microbial decomposition of 
ribofla^■in must be understood; they aim ultimatel3’’ at the elucidation of the 
mechanism of its biological s3'nthesis (21). 

But it is not only a stud}’ of catabolic reactions which can suppl3' important 
information concerning the mechanism of anabolic reactions. Other approaches 
are possible, and one, in particular, has contributed some beautifull}' clear results. 
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^ pmciple It rests m the foUo^g consideration. An oiganism may be unable 
to develop m a simple medium because it lacks the ability to synthesize a specific 
component of its nonnal cellular constituents. When, therXre, the or^m 
IS inoculated mto the smple medium enriched with this substance, growth wiU 
occur. By supping, instead of the compound itself, such materials as may 
be de^ed probable precursors in its biosynthesis, the experimenter can deduce 
from the grovd,h response of the organism which substance or substances are 
stages m the elaboration of the specific cell constituent. It will be clear that 
the premously mentioned demonstration of the formation of certain enzj-mes 
from vitamins is a case in point. Here, however, the details of the biosynthesis 
are still obscure. Much better examples are furnished by the synthesis of tbinmln 
from the corresponding thiazole and pyrimidine moieties, and of biotin from 
pimelic acid (3, 22). 

Experimental demonstrations of this kind depend upon the availability of 
organisms known to lack a specific synthetic function, and the literature per- 
taining to this subject contains a number of examples of such organisms. But 
imtil recently this e.xperimental material was restricted to chance isolations. 
The purposeful production by Beadle and Tatum of special mutant strains of 
microorganisms, especially of Nenrospora crassa, by x-ray or ultraviolet irradiation 
of vegetative cells or spores, has brought about a most auspicious change in 
this regard (23). Their studies have made available an intensely interesting 
collection of cultures the members of which are characterized by the inability 
to synthesize one of a variety of cell constituents. With this material the 
biosynthesis of arginine from citruUine, and of the latter from ornithine has 
been shown conclusively (24). The elucidation, by Tatmn and Bonner, that 
the biosynthesis of tryptophane does not proceed from the corresponding keto 
acid and ammonia, but from a direct jimction of indole and serine has also been 
made possible by the use of these mutants (25) . This last investigation is there- 
fore so important because it reveals a new type of s 3 ’nthetic reaction in biological 
systems which is likely to have a far more general significance for an under- 
standing of the mode of formation of alkyl-substituted aromatic compounds. 

The importance of microorganisms for the study of biochemical problems 
cannot be overemphasized. It is among them that one meets with the almost 
unlimited diversity of biochemical peculiarities which offers the greatest op- 
portunity for selecting the ideal material, and in its simplest form. It is un- 
necessary to go into details; it may suffice to mention the existence of oiganisms 
which cause the gradual breakdown of some substrate in such clear^ut stages 
that any one can be isolated and studied separately, as well as of organisms whi A 
lack the capacity for synthesizing one single, essential cell constituent from the 
components of a simple medium, and with which, therefore, precursor studies 

nan so effectively be initiated. j i. . 

Science is characterized by both a gradual approach and integration and by 
a constant attempt at re-defining “ultimate causes”; or, in other words, bj a 
POTitiniied search for a more and more detailed explanation. 

Where once “miasma” served as an adequate designation of the cause of ce 
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diseases, it was, after the great work of Pasteur and Koch, more satisfactorily- 
replaced by “specific microorganisms”. Later a still deeper penetration became 
possible. While mediately the bacterium, fungus, or protozoan still remained 
the “cause”, it was the production of a toxin, the destruction of eiythrocytes, 
etc., which more immediatel}’- was held responsible. 

In the biological sciences, it is one of the present trends to \*iew the events 
of life in terms of comprehensible chemical processes. The studies of vitamins, 
hormones, chemotherapy, the newer developments in experimental embryology 
and genetics, these all show conclusive!}’- how great the advance has been. And 
to the student of microorganisms, it is gratifying to note how impressive a role 
these Jninute li-\-ing creatures have played in those developments. 

ffiTiat the future may bring, “who dares predict?” At present it seems 
me^'itable that for a while the field of microbiology -vitII draw an increasing number 
of students who -will devote themselves to the investigation of a number of 
the fimdamental aspects presented by this vast material -nith its inexhaustible 
potentiahties. And it is likely that there -will always be a few, at least, who 
-nill continue to do so after the majority has lost sight of the basic problems which 
the microbes -ndll always offer. 
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One of the most interesting chapters of biologj’", and probably one of the most 
neglected in instruction in biology, is that ■which considers the symbiotic relation- 
ship existing between Ihdng forms. The term “symbiosis”, by derivation, 
nieans living together and usuallj’’ carries the implication that each unit con- 
cerned in the relationship derives benefit therefrom and is necessary to the 
continued existence, in nature, of the associated units. For an informative 
discussion of the use of the word “s 3 mbiosis”, the reader is referred to Calkins 
Md Summers (1941, p. 890). The spatial arrangements are never included 
in the specifications but, by usage, the term is commonly restricted to those 
forms living in such intimacy that, so far as space is concerned, the associated 
forms comprise a unit, a family. 

The symbiotic relationships existing between members of the world of micro- 
biology and those of the world of macrobiology are among the most interesting 
nnd possibly the most important in this complex field of biology. This subject 
has been ■the field of interest of many students whose observations have been 
summarized by Paul Buchner (1930). Five of its 900 pages are devoted to the 
phase of which this paper is a part; namely, the relationships existing between 
the mammals and their associated microflora and microfauna. These relation- 
ships appear in the most erddentform between the higher animals and the bacteria 
and protozoa of the alimentary tract, and especially between the polygastric 
unimals and the flora and fauna of the upper part of the alimentary tract. If 
it is at all possible to arrange the symbiotic relations between mammals and 
their microassociates in the order of their relative importance to man, it is 
certain that those between the ruminants and the microorganisms would rank 
first. Yet less than one page of Buchner’s review and fewer than 12 of the ap- 
proximately 1250 references relate to this subdivision of the subject. 

The subject has also been re'viewed by Scheunert (1925), and by^ Scheunert 
and Schieblich (1927), and stUl more recently by Schwartz (1935). The latter 
renew does not include a discussion of the mammals and their symbionts. 

* Published -with the permission of the Director of the TVisconsin Agricultural Experiment 
Station. 

’ Supported in part by a grant from the 'Wisconsin Alumni Research Foundation. 
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teen pages are devoted to the cOiates of ruminants. ^ ^ 

It IS evident that the symbiosis of mammals and microorganisms has been 
studied much less than has that between the lower animals“h e 

Z”;x Jl2 •» 


I. THE RHMINANT 

The most important to man’s economy of the symbiotic relationships between 
mammals and naicroorganisms are found in the ruminants, the cud-chenmg 
animals, in which the lower part of the esophagus forms a large sack, so large 
indeed that the food can be held therein for some 24 hours in the case of the 
bovine and from which it can be returned to the mouth for mastication. This 
arrangement permits the animal to ingest its food rapidly and to chew it thor- 
oughly at a later time, a condition of great advantage to the animal in its feral 
state since during grazing it is more exposed to attack by its carnivorous enemies 
than at other periods. Hence the shorter the time that is required for the taking 
of food, the more likely it is to escape destruction. This arrangement also en- 
ables the ruminant to utilize certain kinds of energy-containing compounds to 
a much greater e.vtent than can the non-ruminating herbivore. In most parts 
of the world the continuous growth of plants is not possible, due to sequence 
of seasons or to the alternation of wet and diy periods. Thus at intervals the 
herbivores must live on vegetation that has completed its cycle of growth, that 
has become dry, woody and resistant to the agents that degrade it into the sim- 
ple products that can be absorbed from the alimentaiy tract. The species that 
can obtain the greatest amount of energy and nutriment from each unit of 
such material rvill not suffer the same handicap as will those that can obtain less 
benefit from it. 

These two conditions seem to account for the fact that the ruminants pre- 
dominate among the larger mammals in all parts of the world. They include 
all the cloven-hoofed animals other than those of the swine group. They are 
the most important that man has brought to his use as sources of power, clothing, 
and food. The world without the cow, the sheep, the goat, the camel, the water 
buffalo, the llama, the yak and the reindeer would be far different than it has 
been or is. Without domestic and wild ruminants nothing like the present 
population of the world could be fed, for a large part of the yearly crop now used 
to produce food for man w^ould be returned to the soil as it is formed by me plant, 
or it would be used by organisms that cannot be eaten by man or, at tost, are 
not now so consumed. The greater part of the organic matter bmlt by the gre^ 
plant consists of carbohydrates. The simplest and most soluble « 

Buaars can be used by man and all the higher animals, The somewhat more 
compto and insoluble starches can be used by man ^®of ““tter 

These classes of compounds make up but a small jj 4 , wood 

constructed by the green plant. The more complex celluloses an gn 
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substances, are much more abundant and are used by only a part of the higher 
animals. 

Before any of the carbohydrates occurring in nature in any significant amounts 
can be used by the animal they must be so changed that they can pass into the 
blood stream and be utilized by the tissues. These changes are occasioned pri- 
marily by the various enzymes which are formed in the tissues and then excreted 
into the alimentary tract there to carry on their work of preparing the ingesta 
for absorption. No one of the mammals is known to produce an enzyme that 
will change cellulose and lignin into soluble compounds, but among the microbial 
associates of many animals are found, in some part of the digestive tract, forms 
that can produce enzymes that attack these compounds and prepare them for 
absorption. It is diflBcult or impossible to demonstrate these enzjnnes, as those 
that act on starch can be demonstrated in the liquid of the tract. It may be 
that the action is due to the intimate contact of the living ceU with a particle of 
the compound, and that in some maimer the material at the point of contact 
is made soluble in the menstruum at that point and thereupon pass into the 
cell. This has been demonstrated by Vogler and Umbreit (1941) for sulphur 
which is used by certain of the bacteria of the soil and by this action is made 
available for other forms of life. 

It is commonly supposed that the enzyme is formed in excess of the needs of 
the microorganism and that the excess of the decomposition products, such as 
glucose from cellulose, is then available for the animal. It seems more likely 
that the action is so largely a contact phenomenon, that the host has opportimity 
to use these compounds coming from the degradation of cellulose b 3 ’’ the micro- 
organism only in the form in which they are built into the microbial cell. The 
result is the same so far as the host is concerned, for in either case whether the 
enzymes are of intrinsic origin or are formed by bacteria the material ingested 
is prepared for absorption. 

It is commonly supposed that a larger part of the energj’’ of the food is available 
to the animal when the enzymes are formed by it rather than by some other 
form that is living on the ingesta. It may be, however, that it makes tittle 
difference in the energy relations where the enzjme is elaborated. The animal 
and its associates may comprise a true digestive or physiological unit. 

1. The rumen and its rdle. The term “rumen” as used in this paper includes 
the rumen proper or paimch, the reticulum or hone 5 '’comb, and the omasum or 
manyplies, the latter names giving some idea of the structure of these organs. 
The rumen is by far the largest of the three. The essential roles of the other 
sacculations of the esophagus are not well understood and hence it seems proper 
to class all together so far as our discussion goes. The rumen of the bovine 
is slightly developed at birth. It slowly increases in size relative to that of the 
true stomach imder the stimulus of solid food, especially of the tj^pe available 
to the animal in its native state. Such material in modem terminology is called 
roughage. The rumen will develop in the absence of such material, as for 
example, when only ground grain is fed which would contain only' a small amount 
of cellulose and lignin. The writer has seen no statement as to whether the 
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nimen will develop if only milk is consumed. It has been •* 

be reformed removed by operation. In the adult bovine, the capacity of the 
rumen is such that when filled its contents will make un about rmp.mh r 
ttalot.hv.iBht ofaeommol. 

has a capacity of about 25 gallons. muupounas 

.to?'" f ! ? f f ‘^o^tains no enzymes 

elabomted by the animal have caused students of the nutrition of the ruminant 

to look on the rumm as a storage chamber in which the food is kept until there 
IS opportimity for its proper mastication and salivation which prepare it for 
digestion in the glandular stomach and in the lower levels of the tract This 
view of the r6Ie of the rumen is still prevalent as is reflected in the foUoniag quo- 
tations from the volume entitled “Nutritional Physiology of the Adult Ruminant” 
by Ritzman and Benedict, (1938): “The paunch is a large warm storage vat 
that secretes no digestive juices”, p. 7; “The function of this organ is of a purely 
mechanical character”, p. 20; “That the greater efficiency of the ruminant in 
digesting coarse fodder is due to provisions of a mechanical rather than of a 
chemical nature appears to be well demonstrated expeiimentally", p. 8. 

The incorrectness of this view is at once evident to one who views a drop of 
the liquid from the rumen under high magnification and thus is made aware of 
the abundance of microscopic forms living in the rumen. The protozoa and 
bacteria represent a density of population that is never met in vitro and probably 
not elsewhere in nature. This population has arisen from the material ingested 
by the animal and to think that this microbial population has no role in the 
economy of the animal is possible only for one who has had no training in micro- 
biology. It would seem that much of the research and some of the feeding prac- 
tices would never have arisen had the viewpomt of the microbiologist been 
considered. For example, until recently it had been thought impossible for 
the ruminant to care for any part of its need for nitrogen from tuea, a waste 
product of the metabolism of the animal. It is now known that such is possible. 
The bacteriologist could have answered the question from his knowledge of the 
ability of many bacteria to utih’ze this source of nitrogen in the presence of 
appropriate sources of energy, and from his knowledge of the abundance of 
bacterial growth in the rumen. But he could not have answered the question 
as to the part of the total needs that could be derived from such a source. 

2, Conditions in the rumen. W. B. Cannon has discussed in his book “The 
Wisdom of the Body”(1932) the ways and means by which a conffition of 
constancy is maintained by the body in its various parts. If one considers the 
rumen a true organ, he would expect to find therein the same constancy 
acteristic of other organs. It is evident that the temperature therein will be 
that of the species in question, in the bovine about 39 C (102 F). This 
aid in maintaining a constant type of microbial population. The ^aUooa 
of the ruminant is such that the carbohydrates from which acids are 
bacteri. .K in greater abnndance than are fc proteres 
aubatancea are fonned. Hence the reaction of a ^ 

terial is likely to become acid in reaction, so acid mdeed that furthe gr 
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the bacteria is impossible, as in such self-pickled products, silage and sauerkraut. 
The same inhibiting action would take place in the rumen were there not pro- 
visions to prevent it. 

The saliva of the bo\'ine carries no enz 3 Tnes. It does contain about 0.9 per 
cent of solids of which over one-half is inorganic matter, largely sodium bi- 
carbonate. Man secretes about 10 ml of saliva per pound of bod 3 ’- weight 
per day; and the fowl about 4 ml. The bovine secretes about 45 ml of saliva 
for each pound of live weight per day. Thus an animal weighing 1000 poimds 
secretes about 45 liters each day or about 90 pounds. The saliva has a pH 
of about 8.2. The neutralizing power of this great volume of saliva is evident 
Bj’- this means the reaction of the rumen is kept at a point that is favorable for 
the growth of bacteria and protozoa, just below pH 7. It seems probable that 
the ingestion of acid food such as silage causes an increased flow of saUva so 
that the constancy of enmronment so essential to the proper fimctioning of any 
ojgan is maintained. The salii'a has additional roles such as the lubrication 
and moistening of the food both at the time of its ingestion and later when it 
is cudded. 

The oxidation-reduction conditions are such that only anaerobic organisms 
or the more anaerobic of the facultative ones can grow. Under the anaerobic 
conditions at which growth must take place in the rumen, there is verj’- little 
release of energj’' as heat in spite of the enormous transformation of matter that 
is taking place. This loss is inconceivably small to one accustomed to thinking 
in terms of aerobic processes. 

The wall of the rumen is constantly passing through a series of rhythmic 
contractions and expansions of such a nature that the food follows a rather definite 
path, at least any particular kind of food such as dry fodder tends always to 
follow the same path. The contraction of the walls of the rumen produce a 
constant mixing of the contents thereof and cause the lighter parts that are found 
in the upper part of tlie rumen above the level of the liquid to be constantly 
sprayed with the liquid, thus tending to remove to the lower laj^ers all small 
particles and any part of the solid made soluble. A veiy large volume of gas 
is formed, which as it passes to the upper part of the rumen aids m the mixing 
of its contents. This gas is passed to the exterior through the esophagus and if, 
for any reason, the opening thereof becomes clogged a condition known as bloat 
or hoven results, which if not relieved causes the death of the animal. Many 
of the microorganisms of the rumen are motile and aid in the mixing of its con- 
tents. The result is that no part of the contents becomes stagnant and that the 
cn^•i^onment is controlled throughout the rumen. 

The resultant of all of these factors of control is an environment constantlj^ 
favorable to the reproduction and persistence of certain protozoa and bacteria. 
Fresh supplies of food are arriving at more or less regular inten^als. Irrigation 
bj' saliva and water maintains a constant reaction and removes the products 
formed, as well as a part of the microorganisms, to the lower levels of the rumen 
from which thej' pass into the lethal emironment of the glandular stomach, 
there to be digested and made readj' for absorption. The transformation of 
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^ “to microbes is SO great that some have been led to * 

lives not on tte mterial iiisested but „po« the mass ot micmaISli^sT,S 

been formed from that matenal. This statement is certainly more nearly true 
™SnTnr° " ‘^^gost^>e processes of the 

3. The cophageal groove The lower part of the esophagus is a slit tube. 
The edges of the sht can be brought together if the food is to be passed to the 
omasum and thus to bypass the rumen proper; or the slit may be opened, 
in which case the food will enter the rumen there to be eiqiosed to changes that 
wnll decrease the energy content from that which the food would have had if 
it had reaped such exposure. The very young animal lives exclusively on 
milk which ^ best be utilized if it passes directly to the true stomach. All 
seem to admit that the groove is under the control of the young animal and that 
the degree of control will depend on the position of the head as the milt is taken, 
being greatest when the head is in the suckling position and less perfect when 
in the drinking position. Thus some advocate that calves he fed from an 
artificial udder rather than from a pail. It also seems that the rapidity with 
which the milk is taken is of significance. If it is taken slowly, it will bypass 
the rumen, while if it is taken rapidly, much of it mil enter the rumen. 

Schalfc and Amidon (1928) from a long series of observations on both young 
and adult bovines with artificial fistulae in the rumen conclude that the adult 
has little control over the esophageal groove and that saliva, water and all 
food enter the rumen. Ritzman and Benedict (1938, p. 288) state that in the 
case of the adult bovine only mucus is passed by the rumen and reticulum to 
the abomasum. They also state that concentrates such as meal do not eater 
the rumen. It is to be remembered that the domestic bovine ingests much 
material of a nature quite unlike that which it ingests in a wild state. It now 
receives considerable quantities of grain, either ground or unground. It seems 
dear that, while such finely didded material may enter the rumen, it remains 
there but a relatively short time, for the time any material remains in the rumen 
seems to depend on its density, heavy material being passed on much more rapidly 
than the lighter and more fibrous material that forms the main bulk of the food 
for the wild ruminant. The entrance of the food into the rumen or its b 3 q)assing 
thereof is important; so also is the time it remains therein. The shorter the 
time, the less will it be robbed of energy by the microbial process to which it 

is exposed. . , ■ 

It is evident that saliva must be passed into the rumen since other^ it 
could not exert its buffering action, its most important r6ie. The bote swaUowed 
after rumination is returned to the rumen but apparently quickly passes to 

el al. (1944) regarding the conditions under which urea is y 
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The results tend to show that starch is more effective than sugar in the form of 
molasses as a source of needed energy if urea is to be changed to protein. This 
difference may be due to the fact that the starch is retained in ^e rumen and 
becomes a source of energ 3 ^ for the bacteria that are Jbuhding protein from the 
urea while the sugar passes bej’-ond their reach with such rapidity that they 
cannot make full use of it. 

The average loss of digestible energ 3 ’-, or that part of the total eneigy of the 
food which is used by the animal, in the form of methane produced in the 
rumen is, according to Ritzman and Benedict (1938), 11 per cent when a diet 
of hay, grain and sUage is used. It is probable that hydrogen is formed by 
bacteria from carboh 3 ’’drates in the rumen, and that in the en^’i^onment of the 
rumen CO 2 is reduced by the hj'drogen to form CH 4 . Apparently^ not all of 
the hydrogen is thus combined at aU times, so it is found occasionally in the 
gases of the rumen. 

Other energ 3 ’'-containing gases are also produced in small amounts, such as 
hydrogen sulphide and carbon monoxide. These may be absorbed and sub- 
sequently excreted in the exhaled air. Some beheve they are produced in larger 
than normal amoimts in case of bloat and produce sjTnptoms of to.xicity. The 
addition of elemental sulphur to the feed will cause poisoning through the pro- 
duction of HjS. It is evident that if the material ingested is of a nature that 
can be digested in the true stomach, much is gained if it does not pass into the 
rumen since it will be protected then from this 11 per cent loss. In the case of 
material such as cellulose, which cannot be handled by the true stomach, the 
energy made available to the am'mal will be greater if the material enters the 
rumen than if it does not. From the standpoint of economy of utilization of 
energy, the animal should have some control of the path of the food. This is 
apparently more important under domestic than under feral conditions in which 
the main mass of the food will be best utilized if it enters the rumen. 

4. Rumination. The content of the rumen is kept in constant motion through 
the rhythmic contractions of the wall. These must be of such a nature that 
the various parts of the food will yield the ma.ximum of value to the animal, 
and all parts of the same class of food will be retained in the rumen for much the 
same length of time. 

At intervals a mass of the fibrous material in the rumen is forced up the esoph- 
agus to the mouth where it is masticated for about one minute. The stimulus 
for the raising of the bolus is apparentlj^ the irritation of the wall of a certain 
part of the rumen by solid, rough feed. It is often stated that the bolus is thus 
saturated with saliva, becomes hea-vT and is prepared to pass to the omasum. 
It is difficult to see how the squeezing to which the bolus is subjected in the chew- 
iug can do other than remove water from it with the result that it will become 
lighter rather than heavier, in spite of which it seems reasonable to suppose 
that the bolus just ruminated soon finds its waj’’ to the true stomach. Otherwise 
there would be disorder and inequality of treatment. The cud is not from the 
food most recentty ingested, but from that which has been in the rumen for 
12 to 24 hours. It been exposed to the action of bacteria and is probablj’ 
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fio changed that the mastication is much more effective thkn at an earlier staee 
Microscopic ayamination of the rumen contents shows much more dismtegration 
of toe plant tissue than could result from purely mechanical action. 

The average weight of each cuH or bolus is about 100 grams, the average 
tune of mastication about one minute. Since about one-third of the time is 
spent in rumination, it follows that about 48 kilos of moist rumen contents are 
riMinated in each 24 hours, and that the weight of the dry matter involv'ed 
will be at least half of that ingested in each 24 hours. Dukes (1942) states that 
a bovine makes about 43,000 motions of toe jaw per day in toe chewing of the 
cud. Considerable pressure must be exerted in toe process of mastication and 
the energy demanded must be great. Ritzman and Benedict (1938) estimate 
it at 11.3 per cent of the total energj' in the case of hay. 

There are grinding processes at work other than chewing. The constant 
motion of toe contents of the rumen tends to tear the plant tissue apart. The 
•writer has noticed a protozdon swimming in a circle and in each passage rubbing 
against toe particles of food with such force as to cause a distinct depression of 
its cell wall at toe point of contact. Calkins and Summers (1941, p. 979) 
describe and picture the comminuting action of certain of toe protozoa of toe 
rumen. Some seem to tear fibers away. Others bite pieces off. Some ingest 
large, relative to the cell, flat pieces of tissue and still others take in and roll up 
large cellulose fibers. Starch is digested and glycogen accumulates in toe cell. 
Cellulose-splitting ability by protozoa of the rumen is questionable, Calkins 
& Summers (1941, p. 982). The food is also ground between the leaves of toe 
manyplies. One may get some idea of the comminuting effect of these processes 
by imagining what would happen to cotton and linen cloth kept in a washing 
machine for 24 hours in the presenye of organisms able to decompose the cellulose. 

TJie value of rumination is probably shown in toe observations of Mead and 
Goss (1935), ■'vho raised calves from birth to 18 months of age on a roughage-free 
diet consisting of ground grain. In one comparison a finely ground mixture 
was compared mth the same mi-xture coarsely ground. The animals ruminated 
on the coareely ground feed, but not on toe finely ground. The results were 
opposite to those most would expect in that toe average weight of “'T 
represented a higher percentage of toe feed consumed in toe ° J J 
ground than in the case of the more coarsely ground as is shown by toe folloi g 

data: 


Dry Feces as Percentage of Feed Consumed 


COW NO. 

! 

COviSSE TtSV 

riNE JTEED 

DirrtRENCE 

34 

35 

37 

39 

21.0 

18.4 

19.3 

20.0 

19.7 

21.8 

21.1 

23.2 

-1.3 

+3.4 

+1.8 

+3.2 


19.7 

21.5 
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The crude fiber on the average in the feces from the coarsely ground nuxture 
was 21.2 per cent, from the finely ground, 22.9 per cent. Apparently the mas- 
tication was more effective than the grinding in making the crude fiber available. 
It is probable that the mastication was aided by a longer period in the rumen in 
the case of the more coarsely ground than in the case of the finely ground feed. 

It has been shown that the animal masticates the feed more completely if it 
is silage alone than if it is silage plus corn meal, and that the extent of mastication 
decreases as the ratio of grain to silage is increased. Here as elsewhere in con- ' 
sidering the question of utilization of feed, three conditions are involved: Does 
some part of a particular ration bypass the rumen? If a part of the feed enters 
the rumen, is it returned to the mouth for chewing? If a part of the feed enters 
the rumen but is not returned to the mouth, vrill the effect of its presence in the 
rumen for a considerable period be a negative or a positive one so far as utilization 
is concerned? 

It is known that one-fourth to one-half of the whole diy com ingested is voided 
in the feces, no use whatever ha\Tng been made of the grain which is resistant 
to all the digestive juices of the tract. This can mean only that this part of the 
grain bypasses the rumen or that it is never returned to the mouth. The sigrufi- 
cance of size of particle is apparently not well known. For example, to what 
extent will a com grain be digested if it is broken into two equally sized pieces 
which are not masticated? Apparently the digestive mechanism of the ruminant 
is not as well adapted to the handling of relatively resistant materials, when 
these escape mastication and treatment in the rumen, as is that of the non- 
ruminating herbivore. Unground grain and very finely ground grain may be 
less well utilized by the bo^dne than that which is just cracked or very coarsely 
ground. It is evident that the student of feeding faces a most complex problem 
when he attempts to study the value of any ration. 

n. FLORA AND FAUNA OF THE RUMEN 

The microorganisms of the rumen of each species are apparently characteristic 
find are derived from the adults with which the young animal is associated at 
the time of the development of the rumen. The complex of life in the rumen must 
vary from one species to another, since the environment is not identical in the 
different kinds of animals; for example, the reaction of the rumen in the sheep 
is said to be slightly alkaline rather than slightly acid as in the bovine. 

The native flora and fauna are supplemented by those of the food which may 
on occasion cany a great number of rnicroorgamsms. Thus, the writer has 
found over 50,000 actinomycetes in each millili ter of the rumen liquid of a cow 
being fed dry fodder. These soil organisms, being aerobic, could not have grown 
in the rumen and must have been ingested. The wnter has also foimd smular 
numbers of a film-forming yeast that was ingested with silage. Under certain 
conditions such an aerobic organism will be growing in the upper la 3 'ers of silage 
nnd will then be ingested in great numbers, and if its real origin is not recogmzed 
it will be classed as one of the intrinsic elements of the native flora of the rumen. 
The writer has also isolated from the rumen a rare form of acid-destrojring 
bacteria which for a period was thought to be an intrinsic part of the flora, since 
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the analyst of the ramen contents. These adventitious forms are apparently 

n! W fo™s of life mported 

having been found m the alunentaiy tract are those from the outside rather 

than mtnnsic forms. ^ The appearance of plate cultures made on the usual media 
of the laboratory giv^ the impression that most of the forms came from the 
emaronment of the animal; much the same picture could be obtained from water 
soil or air. The cultural methods reveal but a minute fraction of the total re^ 
vealed by the microscopic e.yamination of the untreated liquid of the rumen, 
again an indication that the majority of the forms present are peculiar to that 
environment. Our inability to cultivate them is due to the lack of knowledge 
of the chemical environment which permits their growth. 

The continued existence of the native population of the rumen is made possible 
by the fact that the rumen never becomes completely empty and by the further 
fact that the environment is so mild that even though no growth may be possible 
for a period, the organisms remain not only viable but of high vitality and respond 
at once to the arrival of food. The rapidity of this response is shown by the 
rate at which gas is formed following the ingestion of food. This has been 
measured by a number of investigators and found to reach the maximum rate 
within an hour after the food is taken, even when such a resistant material as 
diy alfalfa hay is taken. The lag so noticeable when the bacteria of the laboratoiy 
are placed in contact with a fresh supply of food is striking by its absence. ' 

1. Protozoa of the rumen. The most evident organisms revealed by the micro- 
scope in the liquid of the rumen are the protozoa, because of their relatively 
large size and great motility. Becker of the Iowa State College has been the 
principal American student of the flora of the cow, sheep, goat and horse. He 
and his associates have studied both the qualitative and quantitative aspects 
of the protozoa and also their physiological role in the economy of the animal. 

The rumen fauna appears as soon as roughage is ingested, apparently due to 
the close association of the young with the adult of its species. After the rumi- 
nating stage is reached, each cud brings to the mouth a mass of the protozcw 
growing in the rumen thus to contaminate aU the surroundings of the animal and 
to assure the quick and easj^ passage to the rumen of the young animal. 

Each species of ruminant is supposed to have its characteristic fauna, some 
elements of which are found in the rumen of other species but not the entire 
complex. The report by Becker and Talbot (1927) on their exammation of tim 
rumens of 26 cows states that the greatest number of tunes a smgle kind of prot 
zoan found in the sories was 23. This does not seem to ^ P™’" 
condition in natnie. The histoiy of the annuals prevmns *» 
known and the varied totmenl may have mauenced the ? 

that any invading mktnre of proteoa conung from 
eeneral the same environment as that from which it came, 

'Tlteiite fauna seems inevitable. Calkins and Smnmem (1941, p. 924) 
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state “that any termite of a species, -wherever obtained, --will be found to have the 
same group of flagellate species. Sometimes one or more flagellates are absent, 
but uniformity in composition of the fannies is the rule”. The quantitative 
relations may vaiy so -widely as to make the demonstration of each of the intrinsic 
t 3 'pes at each examination difficult -without the expenditure of a great amoimt 
of time. 

The inherent fauna -will be supplemented bj’- that of the feed and the -water. 
These forms cannot gro-w in the rumen but may persist in the mild en\-lronment 
they there meet. The quantitative relations of the different inherent forms 
-will undoubtedlj’- change -with marked changes in the feed as from dry fodder to 
fresh grass. Apparently no detailed studies have been made of these changes 
and it may -well be doubted whether they are of much significance. 

The larger forms of protozoa of the rumen are those that ingest particulate 
matter such as bacteria and small particles of plant tissue. In eveiy sample 
feeding protozoa are seen, their wa\-ing oral appendages causing currents to 
flow by the oral groove and thus to bring -within their reach the particles of food. 
The total effect of these currents in the mixing of the rumen liquid must be con- 
siderable. Soon after the ingestion of food by the animal, the protozoa can be 
seen filled -with the granular matter they have ingested. Thus, when fresh 
grass is consumed the cells maj’- appear quite green because of the chlorophj’-U 
grains ingested. Some of the larger forms have mtemal skeletons of silica which, 
together with other elements of a complex structure, seem strange in an organism 
classed as a imicellular one. The protozoa of the rumen are anaerobic as is 
shown by observations made by the -writer. ^In a hanging drop preparation 
motility ceases in about 15 minutes, while in a wet mount, a thin film of the 
liquid between slide and cover glass, the cells remain motile for hours.) In 
the hanging drop the conditions are aerobic, and in -the thin film they are anaerobic 
except at the very edge of the film. 

It is probable that a part of the protozoa of the rumen live on soluble mat-ter 
that must pass through the cell wall. 

The chemical task accomplished by the protozoa of the rumen is wholly un- 
kno-wn. It must be kept in mind -that they are anaerobic and, in order to secure 
the needed energy, must degrade a great deal of material just as is the case -with 
the anaerobic bacteria. It is certain that the bj-products will be complex and 
serv'e as food for other protozoa or bacteria in the rumen, -with the result 
that little energy -will be released as heat, and -with the further result that a new 
®^ss of matter -will be formed in the new cells. The quality of the new proteins, 
carbohydrates and fats is unkno-wn but one may well suppose -that it is as -valuable 
ss the ingested material, if not more so. 

The number of protozoa may vary with the lypc of feed and -with the interval 
of -the feeding cycle at which the examination is made. These organisms are 
constantlj’- reproducing at the rate of possib^’’ four generations per daj’- and are 
coi^tantly being removed to "the true stomach there to serve as food for the animal. 
It is difficult to give anj"- numbers per millitliter -that -will be significant. The 
lumbers reported by a number of observers range from 500,000,000 to one billion 
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Lpn f ? T relative to the bacteria, it is erident that 

in ear? f T*" T ’represents the synthesis of a large amount of matted 
each feeding cycle. Attempts have been made to determine the total mass 
rumen at a particular, moment. Thus Mowiy and 
Becker (1930) estimate that they make up 10 to 15 per cent of the rumen content 
angold (1929) 4.4 to 8.7 per cent, Ferber and Tyinogradowa-Fedorowa (1929) 
estimate that they make up 5 per cent of the total volume and that they rep- 
resent 20 per cent of the dry matter in the rumen. If any such values are valid, 
it IS clear that the protozoa must be of great significance in the economy of the 
anunal, especially when it is remembered that 20 pounds of dry feed per day 
is a fair ration for an animal of average size. 

Becker and Everett (1930) carried out digestion experiments with normal 
sheep and with those thai had been made free from protozoa by treatment with 
copper sulphate. They noted a better utilization of the feed by the latter, a 
conclusion that has not been confirmed by other observers to the knowledge of 
the writer. In the absence of protozoa, bacteria would represent the end of the 
biological cycle in the rumen. The energy of transformation from bacteria 
' to protozoa under the anaerobic conditions of the rumen is probably not great. 
No one is in a position to say which is the better feed for the bovine, bacteria or 
protozoa. Nature seems to have determined that the ruminant will live to a 
large extent on each since both are constantly being carried into the true stomach, 
there to be killed by the acid and then digested. 

' No one can say what part of the bacteria is consumed by the protozoa of the 
rumen. According to Calkins (1938), a single cell of PaTamedum caudatum, 
one of the protozoa of the bovine rumen, may ingest two to five million Escherichia 
coli in 24 hours. 

Becker (1932) has suggested the following possible rdles for the protozoa in 
the rumen: 

1. Make easily digestible material 

2. Harmful 

3. Harmless 

4. Check growth of bacteria and prevent putrefaction 

5. Aid in the utilization of cellulose 

6. Aid in mixing the contents of the rumen 

They probably do little to check the growth of bacteria since 
doubtedly always sufficiently numerous to utilize all food availab e o ® ° 
at least when aided by those protozoa that secure their food as do the bacten 
by passage through their cell walls. The byproducts of my one ^ 

accumulate in the presence of such a balanced putrefaction 

rumen. Hence a state of stagnation as is imphed by the term p 

cannot occur. , - -l * hv tiic "work cf 

The possibility of the r61e given under 6,-, above, ^ ^ 

Cleveland (1923) who demonstrated the under aerobic 

Most of the detailed work with biologic^ the same sequence 

conditions, as for example, in natural surface waters where sam 
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of organic matter, bacteria and protozoa is seen. This cycle continues through 
the Crustacea and the fish. Juday (1942) has recently emphasized the ■vrasteful- 
ness of this C 3 'cle. Thus 97.5 to 99 per cent of the energy of the original material 
is dissipated by the time the fish stage is reached. It must be remembered that 
such a S 3 'stem is operating under aerobic conditions where the transformation 
of chemical energ 3 ' to heat is much greater than is true under anaerobic conditions, 
in which it is difficult to demonstrate the production of heat except when immense 
amounts of material are being fermented, as occurs in some of the modem in- 
dustrial plants using anaerobic processes for the production of such products 
as but 3 ’l alcohol and acetone. 

2. Bacteria of the rumen. The microscope reveals the richness of the bacterial 
life in the liquid of the rumen. One notes a densit 3 ’’ of bacteria rarel 3 ' if ever 
noted in the cultures of the laborator 3 ’’. This is due, of course, to the con- 
trolled emdronment as to temperature, to reaction caused b 3 ' the buffering 
effect of the saliva, to the arrival at frequent intervals of fresh food, and to the 
constant removal of the b 3 'products of any one kind of organism b 3 ' others of 
the complex sequence of life, and through the removal of the cells by the constant 
.stream of saliva and of water passing through the rumen to the lower levels 
of the digestive tract. The number of bacterial cells in each milliliter of the 
liquid of the rumen is expressed by biUions. Some have estimated that 10 
per cent of the insoluble matter in the rumen consists of bacteria. 

Cultures from the rumen contents reveal no such numbers as can be seen with 
the microscope. One cell out of each hundred or thousand seen can be cultured. 
This condition has been noted in all studies of the flora of the digestive tract 
from mouth to anus. Thus hlacNeal (1909) in his e.xtensive work on the fecal 
flora of man could culture but one, on the average, out of each 3000 cells seen 
^th the microscope. Similar results have been secured in the study of the 
numbers of bacteria in the feces of the bovine and of other animals. The con- 
clusion usually drawn by the bacteriologist, with his implicit confidence in his 
culture methods, is that most of the cells in the feces are dead. The 3 ’ must have 
been formed largel 3 ’' in the lower bowel where no lethal agent for them is known 
to occur. It cannot be lack of food, for bacteria rarely die from such a cause, 
and the great increase in numbers that takes place after the feces are voided is 
proof that this necessity is not lacking. This explanation of the marked dis- 
crepanc 3 ’' between the numbers shown b 3 '’ the microscope and b 3 ' any cultural 
method may seem reasonable to man 3 ', but will seem much less reasonable when 
applied to the contents of the rumen with its inert environment. The rapid 
r^ponse of the flora to the arrival of fresh supplies of food is proof of the great 
'lability and the high ritalit 3 ’' of the bacteria of the rumen. 

A. great variety of morphological t 3 ’pes of bacteria is seen in the liquid of the 
mmen, some in great numbers and others in exceedingl 3 ’' small numbers. One 
'^^’^olating spiral has been seen in ever}' sample examined bv* the writer; and 

c examination of scores of fields was, at times, necessary for its discoveiy . The 
Smat variet}' of ph 3 'sioIogical t 3 q)es in each morphological form makes it impossible 
to decide as to the frequency of occurrence of an}’" one kind by a microscopic 
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emulation. The ability to cultivate only a veiy small part of those revealed 
y.the mcroscope also limits the completeness of the picture that the bacteriologist 
can obtam of the bactenology of the rumen. The environment of the rumen 
can be duphca,ted m vitro so far as temperature and reaction at the beginning 
f ^ in viiTo is concerned. It seems most probable that the inability 

of the bactenologist to cultivate and thus to obtain in pure culture a larger part 
of the bactena of the rumen is due to the fact that he cannot create for them the 
chemical environment they demand. It may be that this environment is pro- 
vided only by their associates as has been so brilliantly shown by Twort (1913) 
for one of the pathogenic organisms, that of Johne’s disease in cattle, which 
has been isolated only by the use of a medium that contams an extract of a related 
organism. As was stated earlier, many of the forms obtained on culture media 
are identical with those that can easily be obtained from the environment of 
the animal. Their numbers are small in comparison to the total shown by the 
microscope. This is evidence that the major part of the flora in the rumen is 
of types confined thereto, as has been shown throughout the history of bacteriology 
for a large part of the kinds of bacteria found in the mouth of man. The presence 
of types that cannot have grown in the rumen, because of the anaerobic condi- 
tions therein, indicates again that the present available methods reveal but a most 
minor part of the types characteristic of the rumen. 

The popular idea that the biology of the digestive tract of animals will vary 
widely with varying food is probably not well based, at least when the normal 
variations in food are concerned, such as is true with all domestic animals and 
possibly man. It may be that on such diets as are currently used by students 
of nutrition in experimental work, the flora may be changed from that which 
would be present if a normal diet were used. It does not seem probable that, 
in the ruminant at least, changes in diet will cause changes in the flora of the 
tract. It would seem that the carbohydrates, the proteins and the fats from 
different sources are so similar that the biology of the tract will remain rel- 
atively unchanged with the changes in diet that normally occur. The corollaiy 
of this conclusion is that any class of nutriment will be of much the same value 
if one admits that it will yield much the same kind of crop of microorganisms 
in the rumen. On this basis the comparison of different feeds, one of the favorite 
fields of research of the animal husbandman, seems quite futile. 

The estimation of the total quantity of living matter in the rumen at any mo- 
ment is impossible. The values given earlier may seem to many beyond the realm 
of possibility. That they are not so unreal as one may think follows from a com- 
parison of the rumen liquid with blood. It is stated, Dukes (1942), corpus- 

cles of the bovine blood make up about one-third of its total volume. The 
of red cells per milliliter is about six billion, the average diameter is 5.6/«. Thus, 
in 1 ml. of blood there will be about 396 billion cubic microns of co^usclM. 
From values given by many there will be in each pailhliter of the liqui o e 
rumen 100 billion cubic microns of protozoa and 15 bfllion ° 

bacteria. It is not at all impossible that 10 per c®t of the f 

contents at the peak of a digestive cycle consists of bactena and proto . 
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The point of interest is ivhat this mass of li\Tng matter me^s in terms of 
ingested food. Hale, Duncan and Huffman (1940) state that with a ration of 
20 pounds of alfalfa hay, 87.3 per cent thereof disappeared as such in the rumen, 
84.5 per cent of the protein, 74.4 per cent of the cellulose, and 100 per cent of 
other carbohydrates. 

Pearson and Smith (1943) conclude from their observations of the rumen 
contents (to which urea was added as soon as they were removed from the rumen 
and kept at 39°C for two to four hours), that at least 25 per cent of the total 
protein requirement of a cow yielding 25 pounds of milk per day can be S5mthesized 
from urea. From such o'bservations it is concluded that the total transformation 
of nitrogen from all sources in the rumen to the protein of microorganisms may 
well approximate the total protein requirements of the animal. 

3. A balanced biology. In such a controlled emdronment as the rumen provides 
the biota becomes balanced. No one unit of the system can get far out of line 
quantitatively, and hence there is no opportunity for the by-products of any 
form to accumulate and to reach a level that will be injurious to it or to other 
forms. If the continuity of the system is to be assured, this balance must be 
maintained. 

It is very probable that some units of the system may be removed without 
disturbing its continuity for probably here as elsewhere in the mechanism of 
the body considerable compensation is provided. The observations of Becker 
und Everett (1930) indicate that the protozoa may be removed without serious 
disturbance of the physiological system of the host. This would seem to indicate 
f^t bacterial tissue is as available as food to the host as is that of protozoa. 
However, the time element in aU such trials as those of Becker may hav e been 
so short that changes ■which may seem insignificant for the short period may 
become significant when a much longer period is involved. 

It seems safe to conclude that the biota established bj' slow evolution in any 
species is attuned to the total system, that of 'the host and the associated micro- 
organisms, and that man had best go slowly in judging the effects of any induced 
change in the biota of the digestive tract of any species. 

One must think that the microorganisms of the rumen are building a mass 
of new organic matter from that ingested by the host, and that this is done bj’’ 
the transformation of the molecules without the loss of much energj'. Thus 
Ibe two molecules of alcohol resulting from the fermentation of glucose hav'e 
ahnost as much energy as did the original sugar and the same is 'true if the glucose 
fs changed to lactic acid. The quality of the new matter in relation to the nutri- 
tion of the host can only be surmised. It seems probable that it is equal in 
^bis respect to that ingested, if not superior thereto. 

The vitamin requirements of any higher anim al cannot be learned unless 
^ch animals can be kept, for a considerable part of the normal life span,^ free 
from microorganisms. Some students of nutrition belie'V'e that aU the higher 
®;^bmals require the same ■vitamins and possibly in the same relative proportions. 

ue can leam the kind and amount of ■vitamins that the food of any species o 

gher animal must contain for normal life. This is predicated on the sup- 
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poation that the methods used m the assay of various foods yield the same values 
as do the metabolic processes of the species in question. If the animal flourishes 
on food not containing a full complement of vitamins, one must suppose, on the 
basis that all animals have the same qualitative if not the same quantitative 
reqmrements, that the deficiencies are made up through the elaboration of vitamins 
m the mgestive tract by bacteria. It is not known that any protozoa are able 
to synthesize vitamins. The needed quantity of many of the accessoiy substances 
IS so small that one can well imagine the formation of an adequate supply of 
one or more by the bacteria growing in the digestive tract. 

It has been shown, Lardinois el al. (1944), that the following members of the 
B-compIex are formed in the rumen of the bovine; thiamin, riboflavin, nicotinic 
acid, pyridoxine, pantothenic acid and biotin. It is, of course, also possible 
that they may be destroyed in the tract. Becker’s observation, that sheep 
used the food more completely in the absence of the protozoa of the rumen than 
in their presence, may be correct when certain kinds of measuring devices are 
used, but it seems questionable that it is true for the total physiology of the 
host over long periods. 

4. A iiohgical unit and its evolution. One should think of the higher form 
and the associated biota of its digestive tract -as a true physiological unit, and 
that the evolution of the symbiosis has taken place as has that of the physiology 
and the agents that cany on the chemical wmrk of the body. If a particular 
element of the biota becomes of no value as the evolution progresses, it tends 
to disappear from the system, and if the need arises for & new element it will 
gradually appear. 

In the field of enzymology one speaks of an adaptative enzyme, meaning 
thereby one that is formed under the stimulus of a substratum that has for the 
first time been presented to the organism. The organism adapts itself thereby 
to the new situation. May not the same be true in regard to the flora and fauna 
of the digestive tract? Indeed, it must have happened and be happening if 
evolution is to be accepted for all forms that have symbiotic relations; and 
apparently all animals do have such relations with some of the microorganisms 
in spite of the fact that a condition of sterility of the digestive tract has been 
reported for some of the animals of the polar regions. If the latter be true, some 
research foundation should, without delay, establish a laboratoiy there for the 
study of the nutritive requirements of those animals, for under such conditions 
some facts might be revealed that are out of man's reach working in the regions 

where such sterility of the tract is unknown. . u i. v.- i f 

5. The cecum. The discussion has been primarily concerned mth the bioJogy o) 
the rumen of the bovine and its significance to this host. Other herbivorous 
have mechanisms that seem to serve much the same pilose as tne 
rumen. Thus the large cecum of the horse provides a chamber m ™icn 
ingesta, after they have been acted on by the digestive iuices of f 
of the tract, are then exposed to the prolonged action of bactena P 
The abiUty of the horse to digest cellulose is dependent on to mecha 
mastication of woody material by the horse is less thm 
cause the home has to chew the dry material, while the bmme chews the same 
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sort of material after it has been soaked, milled, percolated and fermented for 
a number of hours. The incompleteness of digestion of fibrous material by the 
horse and also by the rabbit and elephant is shown in the high cellulose content 
of their feces. 

The large cecum of the rabbit plays a role similar to that of the horse. The 
biology of the ceca of such animals as the horse and the rabbit has not been 
studied to any extent. 

6. Coprophagy. The subject of coprophagy is one to which little attention 
has been devoted in the study of the nutrition of animals. The eating of the 
feces is claimed to be a constant phenomenon in the rabbit. It is noted in 
rabbits kept on special diets and has been thought to be a consequence of the 
inadequacy of the diets which the animals attempt to overcome by consuming their 
feces. With modem techniques this consumption is supposedly prevented by 
keeping the animals on screens. Apparently’’ this is less successful in the case 
of the rabbit than is commonly supposed, since the anim al ’takes a part of the 
feces as they’’ are voided, a process that ’will occur whether the anim al is on screens 
or not. Apparently two ty’pes of feces occur, the hard type, the one that is 
evident, and a moist type that is consumed as "voided and hence escapes notice. 
They are termed the day and night types respectively. Recent observations 
by Southern (1940) indicate that the swallowing of the moist feces is a natural 
phenomenon, not a reaction to an artificial envdronment as is so commonly sup- 
posed at present. It is interesting to consider how such a phenomenon has 
escaped notice until recently, especially in vdew of the domestic raising of rabbits, 
and of the quite constant presence of the moist type of feces in their stomachs. 
Such an animal as the rabbit utilizes a regenerative mechanism. Some by- 
products are returned to the system there to be used in the chemical processes 
of the body’’. 

Coprophagy is also a natural phenomenon in the case of ’the normal rat, 
although here as in the case of the rabbit it is commonly supposed to reflect 
an abnormal and inadequate diet. It is not certain that this animal, as ’the 
rabbit, takes the feces as voided, ^ce few observations have been made. Rats 
so restrained that feces cannot be reached should be observed. _ Without such 
observations the needed vitamin content of the food for this animal cannot be 
learned with any certainty. Coprophagy is practiced by many^ other animals, 
either throughout life or for certain periods thereof. Black (1942) has not 
that rats on deficient diets prefer feces of normal rats to their own. He also 
rays that coprophagy is always noted in experimen’tal rats. It seems that e 
®raraal ’thus obtains certain substances not otherwise available to it an t a 
these substances are con’tained in the feces, hence the attraction of the amma 
to them. When the final chapter is written on the ability of the animal to se m 
its o’wn food from a mixture, many students of nutrition wfll be surprise a ^ e 
incompleteness of ’their knowledge. The instinct of the iinhampe anima 
ns a gmde to its needs for food is often v'ery surprising, and it may’ t n 
^ould be as well off if he aUowed his instinct to operate as to follow the advuce 
no freely offered today for his guidance in selecting his diet. ^ 

7. Digestion. The term “digestion” is used in many’ way’s in presen y 



252 


E. G. HASTINGS 


literature on nutrition. The physiologist bases his statements regarding the 
cl^ges which food undergoes in the digestive tract on his knowledge of the 
inherent enzynies of the body and, of course, on those which he can separate 
and study in vitro. He is thus thinking of certain processes of degradation by 
which the food is so changed that it can pass through the wall of the intestine 
or be prepared for absorption. If some of the agents causing this change are 
denved from the microorganisms growing in the tract, it seems proper to include 
these agents as part of the digestive mechanism. Thus if an amylase of microbial 
or of plant origin functions in the digestive tract, there seems to be no reason 
why the changes produced thereby should not he included under the term. 
The ^nthesis of new material, such as takes place in the rumen for example, 
is quite a different matter, and it is questionable whether it should be included 
under the term “digestion” any more than if it went on outside the tract. Is 
the formation of alcohol or of lactic acid a phase of digestion? It would seem 
desirable to clearly differentiate between the synthetic processes and those of 
degradation in speaking of digestion in order that the mind of the reader be not 
confused. If one accepts the definition of digestion offered by Cannon (1936), 
namely, that it is the intimate process by which the food eaten is transformed 
from its natural, complex solid, semi-solid or unsuitable fluid state into a state 
of being soluble in the juices of the small intestine, then little if any digestion 
takes place in the rumen; while if one accepts the definition of Morrison (1936) 
namely, that all the changes which food undergoes within the digestive tract 
to prepare it for absorption and use in the body are known as digestion, one 
could consider the change of cellulose to bacterial tissue as it occurs in the rumen 
as digestion. As has been stated earlier, there is no reason to believe that ap- 
preciable absorption occurs through the wall of the rumen, since there are too 
many agents to consume immediately any food material made available and thus 
to use it before it can reach the absorbing surface which may be many inches 
away from the point of formation. 

From statements frequently made by students of the nutrition of the bovine 
as to the use by the animal of the by-products of the microbial destruction of 
organic matter in the rumen, one would conclude that at certain periods in a 
digestive cycle, the percentage of soluble matter in the liquid of the rumen would 
be considerable. The writer (unpublished data) has determined the total soluble 
matter in the liquid of the rumen at various periods in a digestive cycle. The 
insoluble matter was removed by filtration through porcelain or by prolonged 
centrifugation. The values found approximated 1.5 per cent of soluble matter, 
a value not far different from those given for the soluble matter of- the bo-vme 
saliva. In the case of the horse and rabbit the cecum seems to play, at 1^ 
to some degree, the role that the rumen plays in the polygastric animals. The 
food that has not been digested in the stomach and small ^ 

cecum, there to remain and be acted on by bacteria and protozoa with the budctog 
up of a mass of microbial tissue which must be digested and the soluble 
absorbed in the large intestine, since the reasons against the a^sorption of solu 
products of microbial actionfrom the cecum are similar to those counter-mdicatmg 
such absorption from the rumen. 
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In man, the bacterial content of the digesta reaches its lowest level in the 
stomach and tlie upper part of tlie small intestine, and its highest level in the 
large intestine. IMacNeal (1909) states that about 46 per cent of the nitrogen 
e-xcreted in tlie feces of man is contained in the cells of bacteria. IMangold (1929) 
saj's tliat 14.7 to IS.7 per cent of the drj’’ matter of bovine feces consists of 
bacteria. It has also been sliown that the bacterial content of boiine feces 
increases after the same are voided. 

The bacterial content of the small and large intestines increases as lower and 
lower levels are reached. The usual explanation is that these bacteria are living 
on the undigested residues of the ingesta. This explanation seems inadequate 
since the food, especially in tlie ruminant, has been e-xposed to a series of active 
agents that would seem able to accomplish all that any of the bacteria of the 
lower levels of the tract could accomplish. It seems more probable that the 
food for such bacteria is the organic matter that is excreted into the lower part 
of the tract. The fact that there is no known food that will cause much decrease 
in the volume of the feces in man is indicative of this source of food for the bacteria 
of the lower bowel. Some years ago the writer obsen^ed young men who lived 
on milk alone for over four months. The only additional food taken was an 
orange or an apple each day. Theoreticall 3 ’’ the milk should be completely 
nietabolized and the volume of the feces should he greatly decreased, when it 
represents almost the entire food consumed over a considerable period. This 
did not happen. The volume of feces was not markedly decreased from that 
on a mixed diet. 
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following outline classification has been developed from previous classifi- 
cations by the Editorial Board of the Manual for use in the sixth edition of the 
Berge}” Manual of Determinative Bacteriology. The authors gratefully acknowl- 
their indebtedness to those who have prenousl}’- studied this subject, 
especially those whose outlines are given below. Many suggestions hai'e also 
been received from the bacteriologists who are currentlj’’ collaborating in the 
preparation of the new edition of the Bergey Manual. It is hoped that the new 
(6th) edition will be ready in 1945. 

Historical Setting. In order to permit comparisons to be made readily, some 
of the outline classifications of the fission fungi developed since 1900 are given 
bore in abbreviated form. 

!• The outline used by Chester (1) is based on Migula’s outline as given by 
Engler and Prantl (2). 

Class Schizomycetes. 

Family A, Coccaceae, spherical bacteria. 

B. Bacteriaceae, rod-shaped bacteria. 

C. Chlamydobacteriaceae, sheathed filaments. 

D. Beggiaioaceae, filamentous sulfur bacteria. 

E. Mycobacteriaceae, acid-fast rods, true and false branching 

2 filaments. 

• Orla-Jensen (3) developed an outline in which he included the purple and 
w bacteria, and the actinomycetes. 

Class Schizomycetes. 

Order I. Cephalotrichinae, polar flagellate bacteria, 
n .p Pentrichinae, peritrichous bacteria. 

th ('^) formulated an even more comprehensive outline as it includes 

0 slime bacteria and the spirochaetes. 
fsss Schizomycetes. 

Order I. Enbacteriales, true bacteria. 

II. Aciinomycetales, diphtheria and tubercle bacillus, actinomyces. 
III. Chlamydobacteriales, filamentous, alga-like bacteria. 

TV. Thiobaderiales, sulfur bacteria. 

V. Myxobacteriales, slime bacteria. 

Fl. Spirochaetales, spirochaetes. 
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4. In the preliminary report by Winslow d al. (5), emphasis is placed on the 
true bactena, the remaining orders that are mentioned being listed by name and 
by brief description only. 

Class Schizomycetes. 

Order A, Myxoladerictbs, slime bacteria. 

B. Thiobaderiales, sulfur bacteria. 

C. Chlamyddbadcriales, filamentous bacteria, 

D. Eubaderiales, true bacteria. 

Supplement: Organisms intermediate between bacteria and protozoa,-— 
Spirochadaceae. 

5. The final report by Winslow et al. (6), is more comprehensive as it includes 
the Adinomycdales. 

Class Schizomycetes. 

Order A, Myxobaderiales, sKme bacteria. 

B. Thiobaderiales, sulfur bacteria. 

C. Chlamydobaderiales, alga-like bacteria. 

D. Adinomycdales, as above. 

E. Eiibaderiales, true bacteria. 

6. The outline classification as used by Bergey ei al. (7) in the first four editions 
of the Manual is identical rvith that of Buchanan (4). 

7. Lehmaim and Neumann (8) do not include the purple, sulfur, slime or alga- 
like bacteria in their outline. 

Class Schizomycetes. 

Order I. Schisomyceiales, traebactenh. ' 

II. Adinomycdales, as above. 

8. Kluyver and van Niel (9) include the true bacteria, and all purple and sulfur 
bacteria but do not list the actinomyces and slime bacteria. 

Family A. Pseudomonadaceae, polar flagellate bacteria, 

B. Micrococcaceac, spherical bacteria. 

C. Mycohacteriaceae, diphtheria and tubercle bacillus. 

D. Bacteriaccae, true bacteria. 

9. Hahn (10) discusses only the groups found among the true bacteria in his 
outline. 

Order I. Eubaderiales. 

Sub-order A. Endosporales, spore-forming rods. 

B. Asporales, non-spore-forming rods. 

10. Bergey, Breed, Murray and Hitchens (11) in the 5th edition of the manual 
recognize a seventh order Caulobaderiales as organized by Henrici and Johnson 
( 12 ). 

Class Schizomycetes. 

Order I. Enbaderiales, true bacteria. 

11. Adinomycdales, as above. 

III. Chlamydobaderiales, filamentous bacteria. 

IV. Caulobaderiales, stalked bacteria. 

V. Thiobaderiales, sulfur bacteria. 
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Yl. Myxobacteriales, slime bacteria. 

SpirochaciaJes, spirochaetes. 

11. Pr5vot (13) is p^arily interested in anaerobic bacteria. He accepts the 
outline used in the 5th edition of the Berge}'- Manual but regards Schizomycetes 
as a kingdom, and the seven orders as classes. 

12. Stanier and van Niel (14) have drawn up a comprehensive outline in which 
they regard the fission algae and fission fungi as comprising a separate kingdom. 

Kingdom Monera. 

Dhosion I. Myxophyia, fission algae. 

II. Schizomyceiaca, fission fungi. 

Class I. Eiibacteriac. 

Order I. Rliodobaderiales, purple bacteria, 

II. Evbadcrialcs, true bacteria. 

III. Adinomyceiales, actinomyces. 

Class II. Myxobadcriae. 

Order I. Myxobaderiales, slime bacteria. 

Class III. Sphirochadae. 

Order I. Sphirochadales, spirochaetes. 

Appendix: Group I. Filamentous unsheathed organisms. 

Family I. Lepioirichaceae. 

II. Crenothricaceae. 

Group II. Unicellular organisms multiplying by transverse fission. 
Family I. Achromatiaceae. 

Group HI. Unicellular organisms multiplying by longitudinal 
fission, or budding, or both. 

F amil y I. Pasteuriaceae, . 

OUTLINE HSEn IN THE 6 tH EDITION OF THE BEKGET MANUAL 

The reidsed outline that is to be used in the 6th edition of the Bergey M anu al 
(15) now in press is as follows: 

Phylum Schizopbyta (Fission plants). 

Class I. Schizaphyceae (Fission algae. Blue-green algae). 

II. Schizomycetes (Fission fimgi). 

Order I. EubaderiaUs (True bacteria. Rigid cells that are flagellate 
when they are motile.) 

Sub-order I. Eubaderiineae (Unattached and do not possess photo- 
synthetic pigments. Includes Family, Corynebac- 
teriaceae). 

II. Caiilobaderiineae (Sessile and stalked, attached bacteria.) 
III. Rhodobaderiineae (Sulfur purple and non-sulfur purple 
bacteria.) 

Order II, Adinomyceiales (Branching, non-motile, mycelial threads.) 

III. Chlamydobaderiales (Filamentous, alga-like bacteria. App. 

Beggiatoaceae.) 

IV. Myxobaderiales (Slime bacteria, creeping motility'). 
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